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A current  goal  in  electronic  system  design  is  to  develop  low-voltage,  low- 
power,  low-cost,  small-size,  and  high-dynamic  range  circuits.  Analog  filtering  is  a 
key  signal  processing  application,  and  filtering  approaches  have  been  developed  to 
fulfill  the  concurrent  requirements  of  electronic  systems.  Log-domain  filtering  is  a 
useful  filtering  approach,  which  exploits  the  nonlinear  exponential  relation  between 
the  current  and  voltage  in  the  bipolar  junction  transistor  (BJT)  or  the  metal-oxide- 
semiconductor  (MOS)  field-effect  transistor  (FET)  in  the  subthreshold  region.  Log- 
domain  filtering  provides  electronically  tunable,  low-voltage,  low-power, 
continuous-time  current-mode,  externally  linear,  and  internally  nonlinear  filters. 
Methodologies  for  designing  log-domain  filters  have  been  developed,  and  many 
transistor-level  circuits  have  been  designed.  However,  there  has  been  little 
exploration  of  their  internal  operation. 
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In  this  dissertation,  the  nonlinear  internal  operation  of  log-domain  filters 
is  explored  theoretically  and  systematically,  with  single-ended  and  differential  log- 
domain  filters  designed  by  interconnecting  the  basic  building  blocks  E cells.  Large- 
signal  analysis  of  log-domain  filters  conforms  with  the  small-signal  analysis  of  the 
current-mode  transconductance-C  (Gm-C)  equivalent  circuit  at  the  operating  point. 
Methods  for  adding  common-mode  feedback  (CMFB)  circuits  to  differential  log- 
domain  filters  without  degrading  external  linearity  are  presented.  Simple  but 
practical  CMFB  circuits  are  demonstrated.  The  CMFB  allows  derivation  of  closed- 
form  expressions  for  the  nonlinear  internal  signals.  Differential  second-order  log- 
domain  filters  with  CMFB  circuits  are  built  in  the  MOSIS  1.5  pm  AMI  ABN 
complementary  MOS  (CMOS)  process.  The  theoretical  analyses  are  supported  by 
HSPICE  simulations  and  experimental  measurements.  Finally,  a design  methodology 
based  on  E cells  is  generalized  for  implementing  higher-order  log-domain  filters, 
presenting  a systematic  design  procedure  and  possible  ways  to  manipulate  the 
circuits  for  a given  transfer  function. 
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CHAPTER  1 
INTRODUCTION 

1.1  Analog  Filters 

In  analog  filter  design,  filter  specifications  such  as  cutoff  and  center 
frequency,  quality  factor,  passband  gain,  stopband  gain,  power  dissipation,  power 
supply  voltage,  distortion,  and  dynamic  range  characterize  the  filter  transfer 
function.  The  specifications  of  linear  filters  should  be  constant  and  independent  of 
signal  levels.  Nonlinearity  is  defined  as  how  much  those  specifications  vary  from  the 
constant  values.  In  linear  analog  filters,  the  output  signal  frequency  equals  the  input 
signal  frequency.  However,  the  output  signal  may  contain  other  frequency 
components  due  to  nonlinearity,  which  causes  distortion  in  the  filters.  Total  harmonic 
distortion  (THD),  a widely  used  measure  of  nonlinearity,  is  the  ratio  of  the  power  of 
the  harmonic  frequency  components  to  the  power  of  the  fundamental  frequency 
component.  Dynamic  range  is  the  ratio  of  the  tolerable  maximum  signal  (limited  by 
nonlinearity)  to  the  minimum  signal  (limited  by  noise)  that  can  be  processed.  In 
practice,  the  tolerable  maximum  signal  is  the  maximum  signal  amplitude  that  can  be 
processed  for  a given  THD,  and  the  minimum  signal  is  the  minimum  signal  amplitude 
that  can  be  processed  for  a given  signal-to-noise  ratio  (SNR). 

Among  the  filter  specifications,  cutoff  and  center  frequency,  quality  fac- 
tor, passband  gain,  and  stopband  gain  may  vary  independently  depending  on  random 
effect,  such  as  process  variation,  power  supply  voltage  variation,  and  temperature 
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changes.  Therefore,  electronic  tuning  for  those  filter  parameters  is  often  required. 
The  ability  to  adjust  for  variations  of  the  parameters  is  tunability.  For  example,  the 
cutoff  frequency  of  a typical  filter  is  proportional  to  the  ratio  of  a transconductance 
to  the  capacitance,  where  the  transconductance  is  the  ratio  of  the  output  current  to 
the  input  voltage  of  a transconductor  (voltage  controlled  current  source).  If  the 
transconductance  and  capacitance  varied  at  the  same  rate,  the  cutoff  frequency 
would  not  vary.  However,  if  they  vary  at  different  rates,  the  cutoff  frequency  may 
vary  from  the  expected  value. 

1.2  Linearity  vs. Tunability 

The  resistor  is  a passive  linear  component,  which  produces  a constant 
resistance  for  various  applied  signal  levels.  In  integrated  circuit  (IC)  technology,  the 
resistance  is  determined  by  the  conductivity  and  geometry  of  a layer.  Thus  once  a 
resistor  is  fabricated,  it  is  hard  to  tune  the  resistance  electronically.  Although  a laser 
can  be  used  to  tune  the  fabricated  resistor’s  geometry,  laser  tuning  is  expensive. 

An  example  of  an  electronically  tunable  passive  component  is  a varactor. 
The  varactor  is  a voltage-controlled  capacitor  whose  capacitance  varies  with  the 
applied  bias  voltage.  For  small  voltage  signals,  the  varactor  produces  an  approxi- 
mately constant  capacitance.  However,  for  large  voltage  signals,  the  capacitance 
varies,  causing  nonlinearity.  Therefore,  the  varactor  is  subject  to  tradeoff  between 
tunability  and  linearity. 

Passive  LC  filters  use  only  passive  components  such  as  resistors,  induc- 
tors and  capacitors  to  set  their  time  constants,  thus  the  filters  are  not  tunable.  How- 
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Figure  1.1  Fourth-order  LC  ladder  bandpass  filter. 

ever,  ladder  structures,  as  shown  in  Figure  1.1,  are  used  as  the  prototypes  for  active 
filters. 

The  tradeoffs  between  linearity  and  tunability  are  unavoidable  in  two-ter- 
minal passive  components  such  as  resistors,  varactors,  capacitors,  and  inductors. 
One  more  control  terminal  is  needed  to  realize  components  which  can  be  both  linear 
and  tunable.  The  transistor  is  a three-terminal  component. 

In  a BJT  transconductor,  the  exponential  relation  between  the  input  volt- 
age and  the  output  current  produces  a nonlinear  transconductance.  Degeneration  can 
make  the  transconductance  inversely  proportional  to  the  added  resistances,  but  loses 
tunability.  MOSFETs  in  the  triode  region  implement  tunable  resistors  by  using  the 
gate  voltages  to  vary  the  conductivity. 

1.2.1  Active-RC  Filter 

Active-RC  filters  use  resistors  and  capacitors  with  operational  amplifiers 
to  set  time  constants  instead  of  inductors.  Figure  1.2  shows  an  active-RC  integrator, 


with  the  transfer  function 
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1 

sRC ' 


(1.1) 


The  values  of  the  passive  components  vary  independently,  so  the  filter  time  constant 
cannot  be  predicted  accurately.  Since  the  resistor  and  capacitor  values  are  fixed, 
these  time  constant  variations  cannot  be  eliminated  electronically. 


C 


Figure  1.2  Active  RC  integrator  with  an  op-amp. 


1.2.2  MOSFET-C  Filter 

MOSFET-C  filters  replace  the  resistors  in  active-RC  filters  with  MOS- 
FETs  operated  in  the  triode  region,  as  shown  in  Figure  1.3.  In  the  triode  region,  the 
drain  current  can  be  approximated  as 

ID  = - J~mvcs-VTH)VDS-VDS 2],  (1.2) 

and  the  simulated  resistor  as 

R=SHC„(lV/L)(Vos-V'ra)-  U'3) 

where  is  the  gate-source  voltage,  VDS  is  the  drain-source  voltage,  VTH  is  the 
threshold  voltage,  W is  the  transistor  channel  width,  L is  the  transistor  channel 
length,  Cox  is  the  gate  capacitance  per  unit  area,  and  p is  the  mobility  of  carriers. 
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C 
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V0ut+ 

V0ut' 


(b) 


Figure  1.3  MOSFET-C  integrator,  (a)  Single-ended  integrator,  (b) 
Differential  integrator. 
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By  varying  the  gate  voltage  VR,  MOSFETs  simulate  tunable  resistors,  resulting  in 
electronic  tunable  filters.  The  MOSFET  resistors  are  easily  integrated  in  current 
processes.  However,  the  MOSFET  current  includes  terms  with  second-order  depen- 
dence on  voltage.  The  differential  integrator  shown  in  Figure  1.3  (b)  eliminates  the 
nonlinear  second-order  terms  by  subtracting  two  currents.  The  currents 

h = ^J.mVR-Vx-VTH)(Vi;-Vx)-(.Vin*-vJ]  (1.4) 

and 

h = ^jmVK-Vx-VTH)(Vin-Vx)-(Vin-Vx)]  . (1.5) 

Note  that  the  higher-order  effects  in  the  square  law  are  not  real.  The  subtraction  of 
two  currents 

I,-l2  = 2nCox^(.VR-VTH)V,n,  (1.6) 

where  V in  = V in+  - V in  cancels  the  nonlinear  second-order  terms.  Then  the  resistor 

R = i TT (1'7) 

2) iCot^(VR-VTH) 

This  illustrates  a property  of  differential  structures  in  that,  assuming  perfect  sub- 
traction, they  eliminate  even-order  distortion,  reducing  overall  distortion. 

Both  active-RC  and  MOSFET-C  filters  suffer  from  the  frequency 

response  limitations  of  operational  amplifiers  with  their  high  loop  gains.  Also,  dis- 
tributed capacitances  along  “MOSFET  resistor”  degrade  the  frequency  response. 
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1.2.3  Transconductance-C  Filter 

The  transconductance-C  (Gm-C)  filter  composed  of  transconductors  and 
capacitors  can  avoid  the  frequency  response  limitations  caused  by  high  loop  gain  in 
closed-loop  systems,  since  the  transconductors  are  operated  open-loop.  The  input 
and  output  signals  of  a transconductor  are  voltage  and  current  signals,  respectively, 
where  the  relation  between  the  input  and  output  is  Iout  = GmV in.  Gm  is  an  electron- 
ically variable  transconductance.  Figures  1.4  (a)  and  (b)  show  a single-ended  Gm-C 
integrator  and  a differential  Gm-C  integrator  with  the  output  voltages 


where  s is  the  Laplace  variable  and  unity-gain  frequency  co0  = Gm/C . Figure  1.4 
(c)  shows  a transistor-level  differential  transconductor  using  BJTs.  The  transcon- 
ductance Gm  = gm/(l  + gmR),  where  gm  = I0/V t,  I0  is  the  bias  current,  and  Vt  is 
the  thermal  voltage  kT/q.  For  T is  the  absolute  temperature  in  kelvins  (300  K at 

'j'l 

room  temperature),  Vt  equals  26  mV,  where  k is  Boltzmann’s  constant  (1.38  x 10' 
joules/kelvin)  and  q is  the  magnitude  of  electronic  charge  (1.602  x 10'19  coulomb). 
If  the  unity-gain  frequency  changes  due  to  the  random  variations,  the  unity-gain  fre- 
quency can  be  tuned  by  adjusting  I0. 

The  degeneration  lowers  the  transconductance  Gm,  increasing  the  input 
voltage  swing.  If  gmR  » 1 , Gm  is  linear  but  not  tunable  due  to  the  passive  resistor, 
else,  Gm  is  tunable  but  becomes  nonlinear  due  to  the  exponential  relation  of  BJTs. 
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Figure  1.4  Gm-C  filter,  (a)  Single-ended  Gm-C  integrator,  (b) 
Differential  Gm-C  integrator.  (c)  Differential 
transconductor. 
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1.3  Log-Domain  Filter 

1.3.1  The  Principle  of  Log-Domain  Filtering 

Continuous-time  filters  are  useful  for  low-supply  voltage,  low-power 
consumption,  high-dynamic  range,  high-frequency,  and  tunable  applications  such  as 
anti-aliasing  filter  and  phase  equalization.  Log-domain  filtering  is  a variation  of 
Gm-C  filtering  that  presents  a useful  way  to  implement  electronically  tunable,  inte- 
grated, continuous-time,  current-mode  filters.  Instead  of  attempting  to  overcome  the 
strong  nonlinearity  of  the  transistor,  signals  within  the  filter  are  allowed  to  be  non- 
linear, but  the  nonlinearities  are  arranged  to  cancel,  preserving  linearity  of  external 
transfer  function. 

The  concept  of  log-domain  filtering  was  proposed  by  Adams  [Ada79],  as 
shown  in  Figure  1.5.  An  applied  input  current  signal  Iin  is  converted  to  the  input 
voltage  Vin  by  an  NPN  transistor  Qj.  The  input  voltage  Vin  is  processed  through  a 
log-filter  composed  of  a transistor  Q2,  an  integrating  capacitor,  and  a current  source 
I0.  The  output  voltage  Vout  is  converted  to  the  output  current  Iout  by  Q3.  The  rela- 
tions between  the  currents  and  voltages  at  the  input  and  output  are 


where  Is  is  the  BJT  saturation  current,  and  VD  is  the  voltage  across  a diode  carrying 
current: 


(1.9) 


(1.10) 


(1.11) 
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Figure  1.5  Principle  of  log-domain  filtering. 


Note  that  base  currents  of  BJTs  are  neglected  in  (1.9)  and  (1.10).  A nodal  equation 
at  Vout  is 

dV  rV  ■ -V  \ 

’cap  = C—  = I,e*p{— -j-’o-  (112) 

Substituting  (1.9),  (1.10),  and  (1.11)  into  (1.12)  yields 

C^f  = ’oTT-'o-  (113) 

Ul  1 out 


The  chain-rule  and  manipulation  of  (1.10),  (1.12),  and  (1.13)  yield  the  linear  differ- 
ential equation 


dl 


out 


dt 


dIoutdVou, 

dV ou,  dt 


i hiL-r  I - 
CV  { °I  0 " 

^ v A 1 out 


cvt 


V in  1 out^  ’ 


(1.14) 


11 


where  the  filter  cutoff  frequency  u>0  = Iq/CV t. 


1.3.2  Translinear  Circuits 


Transistor-level  log-domain  circuits  are  composed  of  translinear  loops 


formed  by  the  base-emitter  junctions  of  BJTs.  The  log-domain  filter  shown  in  Figure 
1.5  can  also  be  analyzed  by  the  translinear  principle.  Gilbert  proposed  the  translinear 
principle  [Gil75]  which  is  based  on  the  relations 


where  Ic  is  the  collector  current,  V BE  is  the  base-emitter  junction  voltage,  and  gm  is 
the  transconductance  of  BJTs.  “Translinear”  is  a composite  word  reflecting  that  the 
transconductance  of  a BJT  is  linearly  proportional  to  its  collector  current.  A 
translinear  loop  is  composed  of  even  number  of  base-emitter  junctions.  Half  of  them 
is  connected  to  raise  the  potential  by  VBE  and  the  rest  half  is  connected  to  drop  the 
potential  in  a translinear  loop,  regardless  of  the  sequence  of  raising  and  dropping  the 
potential. 

The  loop  equation  for  the  translinear  loop  composed  of  Q4,  Qj,  Q2  and  Q3 
in  Figure  1.5  is 


(1.15) 


and 


(1.16) 


(1.17) 


where 
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Vbei  = vMy]’ 


(1.18) 


VBE2  = 


(1.19) 


and 


Vbes  = vMyf)- 


(1.20) 


Substituting  (1.1 1),  (1.18),  (1.19),  and  (1.20)  into  (1.17)  yields 


1 0^ in  (^ cap  + ^ 0^ out  ’ 


(1.21) 


thus 


I 


cap 


(1.22) 


Therefore,  the  translinear  loop  equation  expressed  by  the  summations  of  voltages  in 
(1.17)  is  also  expressed  by  the  products  of  currents  in  (1.22)  by  the  translinear 
principle. 

1.3.3  Class  A and  Class  AB  Operations 

In  log-domain  filters,  an  ac  input  signal  current  iin  is  added  to  a dc  bias 
current  Iyias,  resulting  in  the  input  current 

hn  = ifa  + W a -23) 


The  input  current  Iin  must  be  positive  to  be  processed  within  the  filters,  avoiding  a 
BJT  to  be  in  cutoff  mode.  Only  positive  currents  can  be  converted  to  voltages  by  the 
natural  logarithmic  expression  shown  in  (1.9).  Therefore,  single-ended  log-domain 
filters  operate  in  Class  A,  where  the  applied  signal  currents  must  be  less  than  dc  bias 
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currents.  This  Class  A operation  limits  the  maximum  input  signal  current  swing, 
restricting  dynamic  range. 

However,  Class  AB  operation  allows  input  signal  currents  to  be  greater 
than  bias  currents.  The  input  is  split  into  two  strictly  positive  currents  whose 
difference  equals  the  input  signal  current.  The  amplitudes  of  the  positive  currents  can 
increase  without  bound  depending  on  the  input  signal  current,  increasing  dynamic 
range.  Differential  log-domain  filters  can  operate  in  Class  AB.  The  detailed 
operation  of  differential  log-domain  filters  will  be  discussed  in  Chapter  4. 

1,3.4  Implementations  of  Log-Domain  Filters 

After  Adams’  introduction  of  the  log-filtering  concept,  Seevinck  imple- 
mented the  first  log-domain  integrator  in  1990  [See90],  Frey  designed  the  first  log- 
domain  filter  in  1993  [Fre93],  and  several  design  and  analysis  methodologies  for 
log-domain  filters  were  proposed  [Dra97,  Dra99a,  Elg97a,  Fox98,  Fre96b,  Fre98, 
Mul97,  Per95].  Tsividis  defined  log-domain  filters  as  externally  linear  and  inter- 
nally nonlinear  (ELIN)  filters  [Tsi97],  Many  transistor-level  circuits  of  single-ended 
log-domain  filters  have  been  presented  [Dra99b,  DraOO,  Edw98,  Elg97a,  Elg99, 
Enz97,  Fre96a,  Fre96c,  Fre96d,  Fri96,  Pun95,  Pun96,  Pun98,  Tou94,  Yan96].  Dif- 
ferential log-domain  filters  also  have  been  presented  [Elg97b,  Elg98,  ElgOOa, 
ElgOOb,  Enz99,  Fre99,  Pun97,  PytOl,  Wu98], 

Most  log-domain  filters  use  BJTs.  The  MOSFET  in  the  weak-inversion 
region  also  has  an  exponential  relation  between  its  gate-source  voltage  and  its  drain 
current.  Thus,  log-domain  filters  have  also  designed  using  MOSFETs  in  the  weak- 
inversion  region  [Fri96,  GeoOl,  Pyt99,  Tou94]. 
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1.4  Chapter  Synopses 

Chapter  2 will  explain  log-domain  building  blocks  called  E cells,  catego- 
rize the  E cells  into  E+  cells  and  E'  cells,  and  demonstrate  how  to  design  first-order 
log-domain  filters  and  integrators  by  interconnecting  E cells  and  linear  capacitors. 

Next  chapters  involve  new  contribution  of  this  dissertation  to  design  and 
analysis  of  log-domain  filters.  Chapter  3 will  demonstrate  how  to  design  single- 
ended  second-order  bandpass/lowpass  log-domain  filters,  explore  the  nonlinear 
internal  operation  of  second-order  filters,  and  present  how  the  nonlinear  internal 
currents  cause  distortion,  limiting  dynamic  range.  E1SPICE  simulation  results  will 
demonstrate  the  distortion  mechanism  caused  by  the  internal  currents. 

Chapter  4 will  demonstrate  how  to  design  differential  log-domain  inte- 
grators, and  how  to  add  CMFB  without  degrading  external  linearity.  Simple  but 
practical  CMFB  circuits  will  be  designed  and  added  to  differential  second-order 
bandpass/lowpass  log-domain  filters.  The  CMFB  circuits  allow  closed-form  solu- 
tions for  nonlinear  differential  output  currents  and  decrease  the  peak  internal  cur- 
rents, reducing  THD.  Differential  second-order  log-domain  filters  with  and  without 
CMFB  circuits  were  be  built  in  the  MOSIS  AMI  ABN  1.5  pm  CMOS  process.  Sim- 
ulation and  experimental  results  will  be  presented. 

Chapter  5 will  present  nine  ways  to  mix  the  CMFB  circuits  (geometric- 
mean  CMFB  and  harmonic-mean  CMFB)  in  differential  second-order  bandpass/ 
lowpass  filters.  Idealized  simulations  will  compare  the  peak  amplitudes  of  the  inter- 
nal currents  in  the  nine  filters  to  find  the  combinations  with  the  smallest  currents. 


THD  from  the  practical  simulations  will  be  presented. 
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Chapter  6 will  generalize  a design  methodology  based  on  E cells  for 
implementing  higher-order  log-domain  filters,  presenting  a systematic  design 
procedure  and  possible  ways  to  manipulate  the  circuits  for  a given  transfer  function. 

Chapter  7 will  conclude  this  dissertation,  and  propose  future  research  of 
log-domain  filters  with  CMFB. 


CHAPTER  2 

FIRST-ORDER  LOG-DOMAIN  FILTERS  AND  INTEGRATORS 

2.1  Introduction 

Several  approaches  have  been  developed  for  designing  log-domain  filters. 
Perry  and  Roberts  proposed  a design  methodology  based  on  LC  ladder  synthesis 
[Per95],  Yang,  Enz,  and  Van  Ruymbeke  proposed  a direct  component-level  mapping 
between  linear-domain  filters  and  log-domain  filters  [Yan96].  Frey  proposed  the 
time-varying  nonlinear  exponential  mapping  of  the  state  variables  to  produce 
Kirchhoff’s  current  law  (KCL)  equations  for  the  synthesis  of  log-domain  filters 
[Fre98,  FreOO],  Drakakis,  Payne,  and  Toumazou  proposed  the  Bernoulli-cell 
approach  [Dra99a],  An  other  useful  design  method  is  based  on  translinear  building 
blocks  called  E cells  [Fre96b].  The  “E”  comes  from  the  fact  that  these  cells 
exponentiate  the  difference  of  their  two  input  voltages,  producing  an  output  current. 
The  transistor-level  circuits  of  E cells  include  an  even  number  of  base-emitter 
junctions,  and  can  be  connected  to  form  translinear  loops.  E cell-based  design  is 
modular,  since  an  E cell  block  can  be  replaced  by  many  possible  transistor-level 
circuits. 

In  this  chapter,  E cells  will  be  defined  and  classified  into  E+  cells  and  E" 
cells.  The  small-signal  equivalent  circuit  model  of  the  E cells  will  be  compared  to 
that  of  a transconductor.  A first-order  log-domain  filter  and  a log-domain  integrator 
will  be  designed  based  on  E cells.  The  E cell-based  design  approach  arranges  E cells 
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so  that  their  small-signal  equivalent  circuits  match  those  of  corresponding  Gm-C 
filters. 

2.2  Basic  Building  Blocks:  E Cells 

An  E cell  has  two  voltage  inputs— a positive  input  V+  and  a negative  input 
VL-- an  output,  plus  a reference  current  lb.  There  are  two  types  of  E cells,  E+  cell  and 
E"  cell.  Both  E+  cell  and  E"  cell  are  classified  as  a sourcing  E+  cell  or  a sinking  E+ 
cell  and  a sinking  E'  cell  or  a sourcing  E'  cell  by  the  direction  of  their  output  cur- 
rent. 

2.2. 1 Sourcing  E+  Cells  and  Sinking  E-  Cells 

The  “sourcing  E+  cell”  shown  in  Figure  2.1  (a)  sources  the  positive  out- 
put current. 


form  a negative  feedback  loop,  as  shown  in  Figure  2.1  (b),  providing  positive 
transconductance  and  positive  output  conductance  equal  to  Iou/Vt. 


cell.  This  circuit  is  composed  of  a diode-connected  level-shifter  and  a voltage  fol- 
lower. The  voltage  follower,  Q2,  performs  the  exponential  function,  producing  Iout. 
The  negative  input  and  the  output  of  this  circuit  is  the  same  node,  thus  the  negative 
feedback  loop  does  not  appear  explicitly  in  Figure  2.1  (d). 

The  complementary  cell  type  of  a sourcing  E+  cell  is  a “sinking  E~  cell.” 
Figure  2.2  (a)  shows  a sinking  E"  cell,  which  sinks  the  positive  output  current 


(2.1) 


The  output  node  of  the  E+  cell  is  often  connected  to  the  cell’s  inverting  (V.)  input  to 


Figure  2.1  (c)  shows  a possible  transistor-level  circuit  of  the  sourcing  E+ 
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Figure  2.1  Sourcing  E+  cells,  (a)  An  E+  cell  which  sources  Iout  = 
Ibexp[(V+-V_)/Vt\.  (b)  Input-output  coupling  of  an  E+  cell, 
which  provides  a negative  feedback  loop,  (c)  A transistor- 
level  implementation  of  E+  cell  shown  in  (a),  (d)  A 
transistor-level  implementation  of  (b)  is  the  same  as  (c). 
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(a)  (b) 


Figure  2.2  Sinking  E'  cells,  (a)  An  E'  cell  which  sinks  the  output 
current  Iout  = Ibexp[(V_-V+)/Vt\.  (b)  Input-output  coupling  of 
an  E"  cell,  which  provides  a positive  feedback  loop,  (c)  A 
transistor-level  implementation  of  E'  cell  shown  in  (a),  (d) 
A transistor-level  implementation  of  (b). 


20 


(2.2) 


Connecting  the  E'  cell’s  V+  terminal  to  its  output  node  forms  a positive  feedback,  as 
shown  in  Figure  2.2  (b),  providing  an  inverted  transconductance  and  a negative  out- 
put conductance.  Figure  2.2  (c)  shows  a transistor-level  sinking  E"  cell  [Fox97].  Mj 
detects  the  collector  current  Q2  and  mirrors  the  current  with  M2,  and  M3,  M4,  and 
M5  provide  a sign  inversion  of  the  current.  Figure  2.2  (d)  shows  the  positive  feed- 
back loop  from  V+  to  the  output  node  of  the  E'  cell  circuit. 

2,2.2  Sinking  E+  Cells  and  Sourcing  E-  Cells 

There  is  an  alternate  E cell  definition  in  which  E+  cells  sink  the  output 


current 


I 


out 


(2.3) 


as  shown  in  Figure  2.3  (a).  Figure  2.3  (c)  shows  a transistor-level  circuit  of  the 
sinking  E-  cell  [Pun96].  The  translinear  loop  composed  of  Qj  and  Q2  gives  a voltage- 
mode translinear  equation 


V+-Vbei  + Vbe2~V-  = 0,  (2.4) 

where  VBE1  and  VBE2  are  the  base-emitter  junction  voltage  of  Qj  and  Q2,  respec- 
tively as 


V 


BEl  ~ 


(2.5) 


and 


VBE2  = Vtln 


(2.6) 
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(a)  (b) 


(c)  (d) 


Figure  2.3  Sinking  E+  cells,  (a)  An  E+  cell  which  sinks  a current  Iout  = 
It,exp[(V_-V+)/Vt].  (b)  Input-output  coupling  of  an  E+  cell, 
which  provides  a negative  feedback  loop,  (c)  A transistor- 
level  implementation  of  E+  cell  shown  in  (a),  (d)  A 
transistor-level  implementation  of  (b). 
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Substituting  (2.5)  and  (2.6)  into  (2.4)  gives 

^ )■ 

and  thus 


(2.8) 


The  complementary  cell  type  of  an  sinking  E+  cell  is  a “sourcing  E'  cell,” 
which  sources  the  output  current 


fV+  ~ V\ 

hut  = hexP{  yt  J.  (2-9) 

as  shown  in  Figure  2.4  (a).  Figure  2.4  (c)  shows  a transistor-level  implementation  of 
an  sourcing  E"  cell.  The  operation  of  the  circuit  is  similar  to  the  E+  cell  in  Figure  2.3 
(c)  except  that  M2  and  M3  are  added  to  provide  a signal  inversion. 

Four  types  of  E cells  have  been  explored.  However,  at  the  transistor  level, 
there  are  only  two  types  of  E cells,  since  the  same  transistor-level  circuit  can  be 
used  for  either  a sourcing  E+  cell  or  a sourcing  E'  cell,  or  for  either  a sinking  E+  cell 
or  a sinking  E'  cell,  depending  on  the  feedback  connection. 

2.2.3  Small-Signal  Equivalent  Circuit  Models  of  E Cells 

Figure  2.5  (a)  shows  a small-signal  equivalent  circuit  model  for  an  E+  cell 
with  a constant  bias  current  at  the  zero  signal  operating  point.  This  model  represents 
the  E+  cell  as  a voltage-controlled  current  source,  where  the  control  voltage  is  the 
difference  of  v+  and  v_.  The  input  impedance  is  ideally  infinite,  typically,  is  the  input 
impedance  looking  into  the  base  of  a BJT.  The  dotted  line  denotes  the  negative 
feedback  loop  from  output  node  to  v.  terminal.  With  the  negative  feedback,  the  model 
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Figure  2.4  Sourcing  E'  cells,  (a)  An  E~  cell  which  sources  a current 
Kut  ~ [(V+-VJ/y,].  (b)  Input-output  coupling  of  an 

E'  cell,  which  provides  a positive  feedback  loop,  (c)  A 
transistor-level  implementation  of  E'  cell  shown  in  (a), 
(d)  A transistor-level  implementation  of  (b). 
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can  be  redrawn  by  with  gm(v+-v_)  replaced  by  gmV]  and  an  output  conductance  gQ,  as 
shown  in  Figure  2.5  (b).  Note  that  the  output  conductance  ga  equals  the 
transconductance  gm,  whereas  the  output  conductance  of  a transconductor  is  zero. 


(a) 


+ o 

v+ 

'l 

Figure  2.5  Small-signal  equivalent  circuit  model  of  an  E+  cell 
with  (a)  gm(v+-v_),  (b)  gmv+  and  gm. 

Figure  2.6  (a)  and  (b)  show  the  corresponding  equivalent  circuit  models  of 
an  E'  cell.  The  dotted  line  shows  how  a positive  feedback  loop  can  be  formed  from 
the  output  node  to  the  v+  terminal,  resulting  in  a negative  output  conductance  equal 
to  -gm.  Note  that  both  a sourcing  E cell  and  a sinking  E cell  have  the  same  small- 


signal  equivalent  circuit  model. 
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(a) 


+ o 

v. 

■ l 

Figure  2.6  Small-signal  equivalent  circuit  model  of  an  E'  cell 
with  (a)  gm(v_-v+),  (b)  gmv_  and  -gm. 

2.2.4  Alternative  E-Cell  Notation 

In  transistor-level  circuits,  Frey  defined  the  E+  cell’s  V+  input  as  the 
voltage  input  which  produces  a noninverting  output  current,  and  the  E"  cell’s  V+ 
input  as  the  voltage  input  which  produces  an  inverting  output  current.  However,  in 
this  dissertation,  for  E+  cells  and  E"  cells,  there  is  an  even  number  of  sign  inversions 
(due  to  common-emitter  or  common-source  stages)  from  the  V+  input  to  the  output, 
and  there  is  an  odd  number  of  sign  inversions  from  the  V.  input  to  the  output.  Figure 


-o  V+ 


9mv-  S 9o-"9m 


(b) 
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Figure  2.7  Transistor-level  implementations  of  E cells  with  the 
input  ports  V+  and  V.  labelled  by  Frey,  (a)  E+  cell,  (b)  E' 
cell. 

2.7  shows  a sourcing  E+  cell  and  a sinking  E'  cell  labeled  by  Frey’s  definition.  If  the 
inputs  are  labeled  depending  on  the  number  of  signal  inversions,  the  labels  V+  and 
V_  of  the  E'  cell  shown  in  Figure  2.7  (b)  are  exchanged. 

2.2,5  Example  of  E-Cell  Circuits 

Several  transistor-level  implementations  of  E cells  have  been  proposed. 
The  E'  cell  circuit  proposed  by  Frey  shown  in  Figure  2.8  (a)  [Fre96d]  is  a sinking  E' 
cell.  Q2  and  Q3  force  lb  to  flow  in  Qj,  and  the  collector  current  of  Q4  is  given  by 
I0exp((V _ — V+)/Vt) , which  is  Iout.  Drakakis  proposed  the  sinking  E'  cell  circuit 
[Dra97]  shown  in  Figure  2.8  (b).  The  collector  current  of  Qj  is  Iout  of  this  E"  cell  and 
represented  as  I out  = IC3  = I0exp((V_  - V+)/Vt) . This  E"  cell  circuit  will  be 
discussed  in  detail  in  Chapter  3.  El-Gamal  proposed  the  E'  cell  circuit  [Elg99]  shown 
in  Figure  2.8  (c).  The  E'  cell  composed  of  Q]-Qg  is  a current-sinking  cell  that  forms 
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a positive  feedback  loop  composed  of  Q2,  Qj,  Q3,  and  Q5  to  produce  a negative 
output  conductance.  The  diode-connected  transistor  Qg  can  be  replaced  by  a resistor 
or  a current  source  for  biasing  Q7. 

The  transistor-level  E cells  shown  in  Figures  2.3  (c)  and  2.4  (c)  require 
careful  choice  of  the  base  bias  voltage  to  prevent  NPNs  from  operating  in  the 
saturation  region.  This  constraint  requires  the  consideration  of  the  base  voltage  and 
W/L  of  Mj  simultaneously.  If  the  W/L  of  Mj  is  small,  VGS  of  M j increases,  keeping 
the  reverse  bias  between  the  collector  and  the  base  of  Qj.  However,  with  small  W/L, 
Mj  may  enter  the  triode  region  on  signal  peaks,  since  the  collector  current  of  Q2  can 
be  much  greater  than  the  bias  current  during  log-domain  filter  operation.  (Details 
will  be  discussed  in  Chapter  3).  On  the  other  hand,  using  too  large  a W/L  for  Mj 
decreases  the  VGS  of  Mj  and  forces  Qj  to  operate  in  the  saturation  region  since  the 
collector  voltage  of  Qj  is  set  by  the  VGS  of  Mj.  Figure  2.9  (a)  shows  an  additional 
NMOSFET,  Ma,  added  in  the  feedback  loop  as  a level  shifter  so  that  the  collector 
voltage  of  Qj  increases  from  1VGS  in  the  previous  case  to  1VBE  + 1VGS.  Figure  2.9 
(b)  is  the  corresponding  enhanced  E'  cell  implementation.  Note  that  the  current 
source  biasing  of  MA  could  be  replaced  by  a resistor,  or  a diode-connected  FET 
[KarOO], 

2.3  First-Order  Log-Domain  Filter  Design 
2.3.1  E Cell-Based  Design 

Figure  2.10  (a)  shows  a first-order  log-domain  filter  composed  of  three  E+ 
cells.  The  input  signal  iin  is  added  to  a bias  current  I0  and  applied  to  the  current  input 
terminal  of  Ej+.  The  positive  voltage  input  terminal  V+  is  connected  to  a dc  bias 
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Figure  2.8  Examples  of  transistor-level  E'  cells,  (a)  was  proposed  by 
Frey,  (b)  was  proposed  by  Drakakis.  (c)  was  proposed  by 
El-Gamal. 
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(b) 


Figure  2.9  Enhanced  E cells,  (a)  E+  cell,  (b)  E'  cell. 
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voltage  source  VB.  Ej+  converts  the  input  current  Iin  to  a voltage  Vin,  E2+  and  a 
capacitor  at  the  output  of  E2+  process  the  voltage  Vin,  and  E3+  converts  the  output 
voltage  Vout  to  an  output  current  Iout.  Assuming  that  this  filter  uses  sinking  E+  cells, 
then  the  output  current  of  Ej+  is  given  by 


Some  manipulation  of  (2.10)  gives 


E3+  converts  the  output  voltage  Vout  to  the  output  current 

r , (yB-Vout\ 

hut  = hexP[ — y — J’ 

thus 


(2.10) 


(2.11) 


(2.12) 


V 


out 


(2.13) 


The  voltage-mode  signal  Vin  is  processed  to  produce  Vout  by  E2+,  capacitor  C,  and  a 
bias  current  I0  connected  at  the  output  of  E2+.  The  output  current  of  E2+,  I2,  is  given 
by 


rV  - V \ 

t T I out  in  \ 

1 2 = I0expy — J. 

Substituting  (2.11)  and  (2.13)  into  (2.14)  gives  the  current-mode  equation 


(2.14) 


(2.15) 


The  nodal  equation  at  the  Vout  node  is 
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(b) 


Figure  2.10  First-order  log-domain  filter  using  interconnected  E cells. 

(a)  Block  diagram  based  on  E cells,  (b)  Possible  transistor- 
level  implementation. 
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From  (2.12), 


dV 


out 


dt 


= Ir 


1 2 - to~IOj 


out 


dl 


out 


dV 


out 


di 


out 


dV 


out 


(2.16) 


(2.17) 


Using  the  chain  rule  and  some  manipulation  of  (2.16)  and  (2.17)  gives  a linear 
differential  equation 


di 


out 


dt 


diput  dV put 

dVout  dt 


1 out  f j I in 

CV  { °1 

v f V 1 out 


I A. 

0 ' CV, 


(I  in  I out) 


CV, 


0‘ih-W)-  (2-18) 


Applying  the  Laplace  transform  to  (2.18)  gives  the  lowpass  filter  transfer  function 


H(s ) = — — , (2.19) 

-L  + l 

co0 


where  co0  = I0/ CV t is  the  cutoff  frequency,  which  can  be  tuned  through  I0  to 
overcome  variations  due  to  process  or  temperature.  Figure  2.10  (b)  shows  a possible 
transistor-level  implementation  of  the  first-order  log-domain  filter  based  on 
interconnected  E cells. 

Instead  of  applying  a current  input  as  shown  in  Figure  2.10,  a log-domain 
voltage  input  could  be  applied  to  the  positive  input  port  of  E]+  with  the  dc  bias 
voltage  VB.  Note  that,  in  the  E cell-based  designs,  once  the  positive  input  V+  of  the 
input  E+  cell  is  connected  to  a dc  bias  voltage  VB,  the  internal  nodes  at  the  output  of 
E cells  have  the  same  voltage  as  the  dc  voltage  at  the  zero-signal  operating  point. 
Figure  2.11  shows  a first-order  log-domain  filter  based  on  Figure  2.10  (a)  with  the 
E+  cell  shown  in  Figure  2.1  (c).  If  the  current  densities  of  Qj  and  Q2  at  the  zero-signal 
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Figure  2.11  First-order  log-domain  filter  implemented  by  the  E+  cell 
shown  in  Figure  2.1  (c). 

operating  point  are  equal,  the  emitter  voltage  of  Q2  is  the  same  as  VB.  Also,  if  the 
current  densities  of  Q3,  Q4,  Q5,  and  Q6  are  equal  to  that  of  Qj,  the  emitter  voltages 
of  Q4  and  Q6  are  the  same  as  VB. 

2.3.2  Simplification  of  E Cell-Based  Filter 

The  first-order  log-domain  filter  shown  in  Figure  2.10  (a)  can  be  modified 
by  merging  E]+  and  E2+,  resulting  in  a simpler  circuit,  while  keeping  the  external 
linearity  and  the  transfer  function.  Figure  2.12  shows  a modified  first-order  log- 
domain  filter  and  its  transistor-level  implementation.  Ej+  performs  current  to  voltage 
conversion  and  processes  the  converted  voltage  signal  simultaneously.  Thus  Vin 
shown  in  Figure  2.10  (a)  is  no  longer  explicitly  represented  in  Figure  2.12  (a). 

2.3.3  Small-Signal  Analysis 

Conventional  small-signal  analysis  also  can  be  applied  to  log-domain 
filters  and  results  in  a linear  transfer  function  at  its  zero  signal  operating  point. 
Figure  2.13  shows  a current-mode  Gm-C  small-signal  equivalent  circuit  of  the  filter 
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(b) 

Figure  2.12  Modified  first-order  log-domain  filter,  (a)  E cell-based 
filter,  (b)  Transistor-level  implementation. 
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Figure  2.13  Current-mode  Gm-C  small-signal  equivalent  circuit  of  the 
first-order  log-domain  filter. 

shown  in  Figure  2.10  (a).  The  resistor  1 /gm  and  the  transconductor  Gm]  were 
converted  from  Ej+,  the  negative  feedback-connected  Gm2  from  the  bias  current  I0, 
and  Gm3  from  E2+.  The  transconductance  of  each  transconductor  is  proportional  to 
the  bias  current  of  the  corresponding  E cells. 

Input  signal  current  iin  is  converted  to  vin  by 

li n ~ Smvin » (2.20) 

where  gm  is  the  transconductance  of  a transconductor  biased  at  I0.  At  the  output 
stage,  * out is  Siven  by 

* out  ~ &mVout  (2-21) 

and  a nodal  equation  at  vout  gives 

gmvin  = (8m+sC)vou[.  (2.22) 


From  (2.20),  (2.21),  and  (2.22) 
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1 


(2.23) 


where  the  cutoff  frequency  co0  = gm/C  = IQ/CV r 

2.4  Log-Domain  Integrator  Design 

To  convert  the  first-order  log-domain  filter  from  shown  in  Figure  2.12  to 
a log-domain  undamped  integrator,  the  positive  output  conductance  of  Ej+  must  be 
canceled.  If  the  output  of  a negative-feedback-connected  E+  cell  is  connected  to  the 
output  of  a positive-feedback-connected  E"  cell,  the  negative  output  conductance  of 
the  E'  cell  cancels  the  positive  output  conductance  of  the  E+  cell  when  both  the  E+ 
cell  and  E"  cell  are  equally  biased  and  all  signals  are  zero.  Figure  2.14  shows  a log- 
domain  integrator  with  a zero  net  output  conductance  at  Vout. 

Figure  2.14  shows  a log-domain  integrator  based  on  the  interconnection  of 
an  E+  cell  and  an  E"  cell.  Large-signal  analyses  give 


Figure  2.14  Log-domain  integrator  with  a current  input  Iin. 
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!l+  = JineXP 


out 


(2.24) 


out 


(2.25) 


Where  hut  = 


(2.26) 


The  current  through  the  capacitor  is 


dV 

^ out  _ T - j + 

L dt  ~ 


(2.27) 


The  chain  rule  and  (2.17)  yield  the  linear  differential  equation  of  the  integrator: 
^out  _ diout  dV out  _ 1 out  f , h j ^o  \ _ j v _ 

* _ <tvm,  dt  - CF,l  °—J  ~ cv, 1 ■ cv'1"'  1 

Taking  the  Laplace  transform  of  (2.28)  gives  an  integrator  transfer  function 


with  unity-gain  frequency  co0  = I0/CVt. 

2.5  Conclusions 

The  E cell  was  defined  as  a translinear  basic  building  block  for  designing 
log-domain  filters.  The  E cell-based  design  approach  to  implement  first-order  log- 
domain  filters  and  log-domain  integrators  were  demonstrated.  The  E cell-based 
design  method  allows  a modular  approach.  Conventional  small-signal  analysis  can 
be  applied  to  log-domain  filters  at  the  operating  point,  allowing  log-domain  filters  to 
be  designed  by  analogy  to  Gm-C  filters.  A negative  feedback-connected  E+  cell 
produces  a positive  output  conductance,  and  a positive  feedback-connected  E'  cell 


(2.29) 
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produces  a negative  output  conductance.  Damping  is  provided  by  adding  a dc  current 
source  in  the  log-domain  filter  design,  while  that  is  provided  by  a resistance  in  the 
Gm-C  filter  design. 


CHAPTER  3 

SINGLE-ENDED  SECOND-ORDER  LOG-DOMAIN  FILTERS 

3.1  Introduction 

Few  design-oriented  criteria  have  been  presented  for  choosing  device 
geometries  to  meet  specified  criteria,  and  little  has  been  explored  how  to  choose 
among  transistor-level  E-cell  circuits.  Although  the  input  and  output  signal  currents 
of  log-domain  filters  are  externally  linear,  their  internal  currents  are  nonlinear.  The 
nonlinear  internal  currents  can  be  extremely  large,  causing  distortion  unless  the 
circuits  and  the  transistor  geometries  can  accommodate  the  huge  currents. 

Single-ended  log-domain  filter  circuits  operate  Class  A.  However,  the 
amplitudes  of  nonlinear  internal  currents  can  be  much  greater  than  the  bias  currents 
and  can  be  infinite  when  the  modulation  index  approaches  unity.  The  peak  amplitude 
of  the  internal  currents  can  be  estimated  by  simple  mathematical  expressions,  and 
these  estimates  can  be  used  for  selecting  transistor  geometries  and  for  choosing  E- 
cell  circuit  topologies  [Fox99a,  FoxOlb], 

In  practical  applications,  the  large  internal  currents  can  affect  the  circuit 
performance  in  various  ways.  For  example,  the  currents  may  overload  the  transistors 
in  log-domain  filters,  causing  distortion.  To  explore  the  effects  of  the  nonlinear 
internal  currents,  the  same  single-ended  second-order  log-domain  filter  will  be 
implemented  using  several  transistor-level  E cell  circuits.  HSPICE  simulations  will 
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show  the  limitations  caused  by  the  large  internal  currents  and  demonstrate 
consistency  with  the  mathematical  expressions. 

3.2  Design  of  Single-Ended  Second-Order  Filter 
Figure  3.1  shows  a single-ended  second-order  bandpass/lowpass  log- 
domain  filter  based  on  interconnected  E cells  [Fox97].  Ej+  converts  the  input  current 
to  voltage.  E3+  and  E4+  convert  the  bandpass  and  lowpass  output  voltages  to  the 
output  currents.  Damping  is  provided  by  the  dc  current  source  Iq/Q  and  the  difference 
of  the  bias  currents  of  Ej+  and  Ej". 


log-domain  filter  in  Figure  3.1  is  shown  in  Figure  3.2.  Transconductors  Gml  and  Gm2 
were  converted  from  Ej+,  the  negative  feedback-connected  Gm3  from  the  bias  current 
I0/Q,  Gm4  from  E2+,  Gm5  from  Ef,  Gm6  from  E4+  and  Gm7  from  E3+.  The 
transconductances  of  each  transconductor  are  proportional  to  the  bias  currents  of  the 
corresponding  E cells  at  the  zero  signal  operating  point. 


A current-mode  Gm-C  small-signal  equivalent  circuit  of  the  second-order 


Small-signal  analysis  at  the  input  of  the  equivalent  circuit  gives 


(3.1) 


and  the  nodal  equations  at  voB  and  voL  are  given  by 


(3.2) 


and 


SmVoB  = sC2voL ’ 


(3.3) 
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Figure  3.1  Single-ended  second-order  log-domain  lowpass/bandpass 
filter. 

respectively.  The  bandpass  and  lowpass  output  voltage-to-current  conversions  are 
given  by 

loB  = SmVoB  (3 -4) 

and 

ioL  = &mVoL  ' (3-5) 

Assuming  Cj  = C2  = C and  substituting  voL  from  (3.3)  into  (3.2)  gives 
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Figure  3.2  The  current-mode  Gm-C  equivalent  circuit  of  the  second- 
order  log-domain  filter  shown  in  Figure  3.1. 


Therefore, 

V_oB  = U + 1/Q)(S/ co0) 

vin  (s/ co0)2  + (7/ Q)(s/ (00)  + 1 

and  from  (3.3)  and  (3.7) 


(3.6) 


(3.7) 


V_oL  = V_oBSjn  = 1 + 1/Q 

vin  VinsC  (s/G)0)2  + (1/Q)(s/(£>0)  + 1 
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(3.7)  and  (3.8)  are  voltage-mode  transfer  functions  of  bandpass  and  lowpass  ports, 
respectively.  The  relations  between  output  currents  and  voltages  shown  in  equations 
(3.4)  and  (3.5)  give  the  current-mode  second-order  bandpass  and  lowpass  filter 
transfer  functions  as 

loB  _ VoB  _ (s/to0) ^ 

'in  ( i+i/Q^in  (s/to0)2  + (l/Q)(s/to0)  + 1 

and 


'in  ( 1 + 1/Q)vin  (s/a0)2  + (l/Q)(s/u0)  + l’ 

where  (00  = gm/C  and  gm  = Iq/V,. 

3.3  Internal  Currents  in  Single-Ended  Log-Domain  Filters 
In  Figure  3.1,  E3+  and  E4+  are  used  for  output  conversion.  Other  E cells, 
E]+,  E2+,  E]',  and  E2'  are  used  for  internal  signal  processing,  producing  internal 
nonlinear  currents.  Assume  that  sourcing  E+  cells  and  sinking  E"  cells  are  used  to 
build  a second-order  filter,  as  shown  in  Figure  3.1.  From  the  translinear  principle  and 
the  E cell’s  functions  that  produce  the  output  currents,  the  nodal  equation  at  node  VoL 
is 


I 


C2 


WO  l0 
%l(  o °wo  ’ 


(3.11) 


where  IC2  is  the  current  in  capacitor  C2.  Obviously,  if  loL( t)  approaches  zero  while 
I0g(t)  is  nonzero,  I2+  and  I2'  both  increase  without  bound.  Consider  the  case  of  a 
sinusoidal  input  at  frequency  © such  that 


WO  = W +msin(fiat)]. 


(3.12) 
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where  m is  the  output  modulation  index  defined  as  the  ratio  between  peak  output 
signal  amplitude  and  a bias  current  I0.  From  the  bandpass  filter  transfer  function 
(3.2), 


7oS(0  = I0u  +m(cd/to0)cos((Qt)].  (3.13) 

For  low  frequencies  (co  « (00),  the  bandpass  output  signal  /oB(r)  is  atten- 
uated by  the  filter,  and  /oB(r)  is  approximately  constant  at  I0.  The  lowpass  filter 
passes  the  low-frequency  input  signal  and  the  output  signal  i0i(t)  appears  without 
attenuation.  Thus 


J + _ T 7 oB (*)  _ , 
l2  ~ l0~  ~ ~ 1 


7oZ,(0  UI0[1  + msin(d)t)]  1 + msin((£>t)' 


(3.14) 


From  (3.1 1)  and  (3.14),  the  maximum  value  of  I2+  or  I2  equals 


1 - m 


(3.15) 


since  the  minimum  of  sin(cor)  is  -1.  For  example,  if  an  input  signal  of  m - 0.75  is 
applied,  then  the  maximum  internal  current  Imax  = 4/0  from  (3.15),  and  for  m = 0.95, 
Imax  rises  to  20 10.  As  m goes  to  one,  lmax  goes  to  infinity.  To  operate  without 
distortion,  the  filter  must  handle  the  large  internal  currents  with  ideal  translinear 
behavior  to  avoid  distortion  of  the  output  currents  IoL  and  IoB. 

The  second-order  filter  shown  in  Figure  3.1  was  designed  using  the 
sourcing  E+  cell  and  sinking  E'  cell  shown  in  Figures  2. 1 (c)  and  2.2  (c).  Ideal  models 
were  used  for  all  the  transistors.  The  tuning  current  I0  was  set  to  100  |iA  and  Cj  and 
C2  were  set  to  62.8  pF  to  give  the  filter  cutoff/center  frequency  of  10  MHz.  Filter  Q 


was  set  to  0.707. 
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Figure  3.3  shows  filter  output  currents  JoB  and  IoL  and  two  output  currents 
of  E2+  and  E2',  which  are  the  internal  currents  /2+  and  I2  when  a sinusoidal  input 
signal  with  peak  amplitude  of  90  pA  and  frequency  of  10  kHz  was  applied. 
Simulation  results  show  that  the  lowpass  output  signal  IoB  contains  the  dc  bias 
current  I0  and  the  signal  current  ioL  and  that  the  bandpass  output  signal  IoB  contains 
only  the  bias  current  I0  since  the  signal  current  ioB  was  attenuated  completely  by  the 
bandpass  filter.  The  peak  value  of  internal  currents,  I2+  and  I2,  is  1000  pA,  as 
predicted  from  (3.15)  when  m = 0.9. 
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Figure  3.3  Simulated  output  and  internal  currents  of  a second-order 
filter  implemented  by  the  E cells  shown  in  Figures  2.1  and 
2.2  when  the  frequency  of  the  applied  input  current  is  500 
Hz. 
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The  current  in  C[  is  the  difference  of  the  internal  output  currents  of  Ej+ 

and  Ei': 


I ci  ~ h ~h 

where 


(3.16) 


(3.17) 


and 


h 


°*ob( 0 ‘ 


(3.18) 


Maximum  values  of  /;+  and  If  occur  when  the  frequency  of  the  applied  input  signal 
is  equal  to  the  center  frequency,  where  the  signal  swing  of  IoB  is  greatest.  The  max- 
imum values  of  I+j  and  If  are  approximately 


J+1  = u 


, 1 m 

Q-Q 


/( l-m ) 


(3.19) 


and 


V = (|)/(j-m),  (3.20) 

respectively. 

Figure  3.4  shows  the  simulation  results  of  the  output  currents  IoL  and  IoB 
and  the  internal  currents  I j+  and  If  when  a sinusoidal  input  signal  whose  frequency 
is  equal  to  the  filter  cutoff/center  frequency  was  applied.  Since  the  filter  gain  at  this 
frequency  is  Q = 0.707,  the  amplitude  of  the  input  signal  was  set  to  0.9/ <2  = 1.27  I0 
to  give  m = 0.9  for  both  outputs.  Simulation  results  show  that  the  magnitudes  of  both 
JoB  and  loL  are  1 80  (lAp.p  and  that  IoB  and  IoL  are  90°  out  of  phase.  The  peak  values 
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of  Ij+  and  If  are  1 1.5 10  and  12.3/0,  respectively,  values  which  coincide  with  those 
predicted  by  (3.19)  and  (3.20). 


Figure  3.4  Simulated  output  and  internal  currents  of  a second-order 
filter  implemented  E cells  shown  in  Figure  2. 1 and  Figure  2.2 
were  used  to  design  the  filter  when  the  frequency  of  the 
applied  input  current  is  equal  to  the  cutoff/center  frequency. 

3.3.1  Criteria  for  Transistor  Geometries 

It  has  been  demonstrated  that  although  the  input  and  output  signals  of  log- 
domain  filters  are  linear,  the  internal  currents  are  nonlinear,  and  the  peak  magnitude 
of  the  internal  currents  approaches  infinity  as  the  modulation  index  approaches  unity, 
limiting  dynamic  range. 

The  following  examples  demonstrate  the  effects  of  internal  currents  on 
distortion  of  output  currents.  The  single-ended  second-order  filter  shown  in  Figure 
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3.1  was  implemented  with  the  E+  cell  in  Figure  2.3  and  the  E'  cell  in  Figure  2.4.  The 
filter  specifications  are  cutoff/center  frequency  = 10  MHz,  Q = 0.707,  tuning  current 
I0  = 100  pA,  integrating  capacitors  C;  = C2  = 62  pF,  and  dc  gain  = 1.  Ideal  models 
were  used  for  all  transistors  except  for  the  PMOS  current  mirrors,  which  were 
designed  with  W/L  = 96  (im/2.4  |im  (AD  = AS  = 384(jim)2)  so  that  the  mirrors  go 
into  triode  operation  when  the  drain  current  of  the  p-channel  MOS  (PMOS)  FET  in 
E2~  is  greater  than  338  jllA,  corresponding  to  a lowpass  modulation  index  just  over 
0.7.  The  PMOS  FET  drain  current  corresponds  to  an  internal  current  12~  and  the  peak 
magnitude  of  I2  equals  that  of  12+  in  Figure  3.1. 

From  (3.15),  when  m equals  0.7,  the  predicted  maximum  of  I2+  or  12  is 
hpeak  = hpeak+  = 100  |0.A/(  1-0.7)  = 333  |iA.  This  means  the  PMOS  FETs  can 
accommodate  the  peak  current  and  operate  in  saturation  region.  Thus  the  peak 
internal  current  does  not  cause  distortion.  However,  when  m equals  0.8,  the  predicted 
hpeak  Is  500  pA,  but  the  simulation  result  presented  in  Figure  3.5  shows  the  peak 
internal  current  is  limited  to  well  below  500  (iA.  This  internal  current  waveform  was 
distorted  by  the  improper  region  operation  of  PMOS  FETs  in  E2\  The  distortion  of 
the  internal  current  causes  distortion  of  the  lowpass  output  current  IoL,  resulting  in 
nonlinear  output  current.  THD  simulations  of  the  lowpass  output  current  were 
performed  using  HSPICE.  The  THD  simulations  verify  that  unless  the  transistor 
geometries  can  accommodate  peak  internal  currents,  severe  distortion  is  caused  in 
the  output  signal,  and  also  confirm  (3.15).  Figure  3.6  shows  the  THD  levels  from  the 
HSPICE  simulations  and  that  THD  in  these  idealized  simulations  is  negligible  for  m 
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Figure  3.5  Currents  in  second-order  filter  using  E cells  shown  in 
Figures  2.3  and  2.4.  The  input  frequency  in  the 
simulations  was  well  below  the  filter  cutoff. 

up  to  0.7,  but  increases  rapidly  for  m greater  than  0.7  when  the  peak  internal  current 
/2"  larger  than  the  maximum  current  the  PMOS  FETs  can  handle,  which  is  333  pA. 

To  demonstrate  the  filter  functionality,  the  frequency  response  is  shown  in 
Figure  3.7,  where  the  cutoff/center  frequency  is  10  MHz  and  Q is  set  to  0.707,  as 
predicted.  The  filter  Q was  set  to  0.707,  thus  the  magnitudes  of  the  lowpass  and  the 
bandpass  outputs  are  the  same  at  the  cutoff/center  frequency. 
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Figure  3.6  Distortion  in  second-order  filter  using  E cells  as  in 
Figure  2.3  and  Figure  2.4,  reflecting  increasing 
distortion  of  the  lowpass  output  signal  as  PMOS  FET 
M2  in  Figure  2.4  is  over-driven. 

3.3.2  Effects  of  Limited  E-  Cell  Output  Current 

The  sinking  E~  cell  shown  in  Figure  3.8  was  proposed  by  Drakakis  [Dra97, 
Dra98].  The  base-emitter  junctions  of  Q3,  Q4,  Q5,  and  Q6  form  a translinear  loop.  The 
voltage-mode  translinear  loop  equation  is 

= BE4+V BE3+V BE5~V BE6'  (3-21) 

where  VBE4,  VBE3,  VBE3,  and  V BE6  are  base-emitter  junction  voltages  of  Q4,  Q3,  Q5, 
and  Q6,  respectively.  Assuming  the  transistors  operate  ideally,  using  the  translinear 
principle,  (3.21)  is  converted  to  a current-mode  equation 
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Figure  3.7  Simulated  frequency  response  of  a single-ended  second- 
order  log-domain  filter  based  on  E cells  shown  in  Figure 
2.3  and  Figure  2.4. 

IC4  fV  ~ V.\ 

JC3  = 1 C6Y^5eXP{—y J’  (3-22) 

where  IC3,  IC4,  IC5,  and  IC6  are  the  collector  currents  of  Q3,  Q4,  Q5,  and  Q6, 
respectively.  Since  Iout  = IC3  and  IC4  = IC5, 

(V  -v.\  (v  - 

lout  = JC3  = — y J = — y J’  (3-23) 

where  IC6  = 10.  From  (3.23),  Iout  is  independent  of  the  additional  standby  current 
source  Itau',  however,  the  equation  is  only  valid  as  long  as 


7C4  - lC5  - I tail  out  > 


(3.24) 
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Figure  3.8  E'  cell  circuit  from  [Dra97],  Output  current  in  this  cell 
is  limited  by  Itaii. 

limiting  the  available  output  current  from  the  E'  cell. 

A second-order  log-domain  filter  was  implemented  based  on  Figure  3.1 
with  E+  cells  shown  in  Figure  2.3  and  E"  cells  shown  in  Figure  3.8.  Filter 
specifications  are  the  same  as  the  previous  case:  cutoff/center  frequency  = 10  MHz, 
I0  = 100  pA,  Q = 0.707,  and  dc  gain  = 1.  Figure  3.9  shows  the  filter  functionality  at 
both  lowpass  and  bandpass  output  ports.  The  cutoff/center  frequency  is  10  MHz,  and 
the  same  magnitude  of  lowpass  and  bandpass  outputs  at  the  cutoff/center  frequency 
verifies  Q equals  0.707. 

From  the  filter  structure  shown  in  Figure  3.1, 12'  is  the  output  current  of 
an  E'  cell,  so  Iout  in  Figure  3.8  corresponds  to  I2~  in  Figure  3.1  when  the  E'  cell  is 
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Figure  3.9  Simulated  frequency  response  of  a single-ended  second- 
order  log-domain  filter  composed  of  E+  cells  shown  in 
Figure  2.1  (c)  and  E‘  cells  shown  in  Figure  3.8. 

interconnected  to  implement  a second-order  log-domain  filter.  Note  that  Iout  must  be 
less  than  Itai[  to  keep  1C4  and  IC5  positive.  Combining  (3.11)  and  (3.24)  gives 

I, ail  ~ <ou,  = I, ail  ~ 1 2'  = 1 tail  ~ ' >«■  0-25) 

For  the  E'  cell  to  handle  the  maximum  internal  current  derived  in  (3.15),  Itaii  must 
satisfy 


1 - m 


(3.26) 
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Thus  the  standby  value  of  the  ltaB  must  be  greater  than  the  maximum  currents 
predicted  in  (3.15)  to  avoid  clipping  of  the  E cell  currents.  This  would  greatly 
increase  the  standby  current  requirements  of  filters  using  this  E'  cell  circuit. 

Figure  3.10  shows  the  peak-to-peak  lowpass  output  amplitude  versus 
modulation  index  when  very  low  frequency  signals  were  applied.  The  filter  was 
simulated  when  Itaii  equals  2 10,  3 10,  and  5 10,  respectively.  As  the  value  of  Itail 
increases,  larger  signals  can  be  processed  without  distortion.  When  Itail  was  set  to 
5 Iq,  the  compression  of  the  output  signal  starts  when  m equals  0.8,  and  when  Itaii  was 
set  to  2 10,  the  compression  starts  when  m equals  0.5  as  it  is  predicted  by  (3.26). 

Figure  3.11  shows  the  waveforms  of  the  output  currents  and  an  internal 
current  from  the  simulation  when  an  input  signal  whose  m = 0.9  and  CD  « co0  was 
applied  and  Itaii  was  set  to  Itaii  = 5 10  = 500  (iA.  As  predicted,  the  internal  currents  are 
larger  than  Itail  and  have  been  clipped  at  500  |iA,  since  Itai[  was  set  to  500  |iA.  The 
clipping  of  the  internal  currents  causes  significant  distortion  on  the  lowpass  and 
bandpass  output  currents,  IoL  and  IoB,  simultaneously. 

From  (3.26),  the  maximum  output  modulation  index  for  non-clipping  of 
internal  currents  can  be  expressed  in  terms  of  Itaii  and  I0  as 


mmax  = 7 ~7 


(3.27) 


tail 


Figure  3.12  shows  the  resulting  modulation  index  for  1%  THD  from  HSPICE  simu- 
lations for  various  ItaB  and  the  maximum  output  modulation  index  calculated  by 
equation  (3.27).  The  modulation  indices  from  the  simulations  and  equation  (3.27) 
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Modulation  Index,  m 

Figure  3.10  Peak-to-peak  amplitudes  of  lowpass  output  currents 
versus  modulation  indices  when  the  values  of  Itaii  were 
set  to  2 10,  3 10,  and  5 10,  respectively. 

are  consistent  and  thus  show  that  the  onset  of  distortion  in  this  circuit  can  be  pre- 
dicted fairly  accurately  using  equation  (3.27). 

3.4  Conclusions 

In  the  analysis  of  single-ended  second-order  log-domain  filters  to  deter- 
mine input-output  transfer  functions,  the  internal  currents  supplied  by  the  E cells 
are  usually  eliminated  algebraically.  However,  these  currents  are  nonlinear  and  can 
be  much  greater  than  the  bias  current  in  even  Class  A circuits.  Simple  mathematical 
expressions  have  been  derived  to  predict  the  peak  internal  currents  in  the  E cell- 
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Figure  3.11  Simulation  results  analogous  to  those  in  Figure  3.3, 
except  that  the  E'  cells  have  been  replaced  with  those 
from  Figure  3.8,  with  Itail  set  to  5 10  = 500  |lA.  The 
limited  currents  cause  clipping  of  both  the  internal 
currents  and  the  output  currents. 


odulation  Index 
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Figure  3.12  The  modulation  index  at  which  low-frequency  1% 
THD  occurs  is  consistent  with  equation  (3.27)  when  E 
cell  currents  are  limited  by  Itail. 


based  single-ended  second-order  log-domain  filter.  The  peak  internal  current  should 
be  considered  in  choosing  E cells  and  transistor  geometries  in  practical  circuit 
designs. 


CHAPTER  4 

DIFFERENTIAL  LOG-DOMAIN  FILTERS 
4.1  Introduction 

Differential  log-domain  filters  are  designed  to  operate  Class  AB,  extend- 
ing dynamic  range  [Elg97b,  Elg98,  ElgOOa,  ElgOOb,  Enz99,  Fre94,  Fre99,  Pun96, 
Pun97,  PytOl,  Yan96],  In  differential  operation,  an  applied  input  current  signal  is 
split  into  a pair  of  positive  currents  whose  difference  equals  the  input  signal.  Typi- 
cally, the  product  of  the  differential  currents  is  forced  to  equal  a constant  [Dij98, 
Fre94,  PytOl],  but  other  relationships  are  possible  [Mul98,  See88b]. 

A differential  log-domain  integrator,  based  on  crossed-coupled  E'  cells, 
was  proposed  [See90].  Differential  log-domain  filters  were  designed  using  the  dif- 
ferential integrators  [Elg98,  Enz99,  Fre99,  Yan96],  However,  one  complication  in 
the  design  of  differential  log-domain  filters  is  that  in  general  there  are  no  closed- 
form  solutions  for  the  nonlinear  signals  within  the  filters.  This  makes  it  harder  to 
select  transistor  geometries  since  it  is  not  easy  to  predict  peak  currents  for  a given 
signal  level. 

This  chapter  will  demonstrate  how  to  add  CMFB  circuits  to  a differential 
second-order  log-domain  bandpass/lowpass  filter  without  degrading  the  external  lin- 
earity. Practical  but  simple  CMFB  circuits  will  be  designed.  The  CMFB  circuits 
allow  closed-form  solutions  for  nonlinear  differential  output  currents,  and  decrease 
the  peak  internal  currents,  reducing  THD.  Simulation  and  experimental  results  will 
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verify  that  the  CMFB  circuits  allow  increased  signal  swing  of  the  log-domain  filters, 
reducing  distortion  and  increasing  the  dynamic  range. 

4.2  Differential  Signal  Processing 

For  differential  log-domain  filters,  an  applied  input  current  iin  is  split  into 
the  difference  of  a pair  of  strictly  positive  currents  satisfying  the  differential-mode 
equation 


lin  I il  I i2 


(4.1) 


and  a common-mode  equation,  typically 


hlhl  ~ I Ref 


(4.2) 


where  IRej  is  some  reference  current.  The  geometric-mean  of  1 and  Ii2  equals  a 
constant  reference  current  IRej.  ltj  and  Ii2,  or  their  logarithmic  voltage  equivalents, 
are  then  applied  as  inputs  to  a differential  log-domain  filter.  Figure  4.1  shows  an 
input  current  waveform  with  the  frequency  of  500  Hz  and  the  differential  input 
currents  7,-y  and  ll2.  The  differential  input  currents  are  always  positive  and  are  both 
equal  to  the  dc  bias  current  when  no  input  current  is  applied,  where  the  dc  bias 
current  is  15  |iA  in  Figure  4.1.  When  a pair  of  differential  input  currents  are  applied 
to  a differential  log-domain  filter,  the  filter  produces  a pair  of  differential  output 
currents  Iol  and  Io2-  The  linear  output  current 


* out  I ol  I o2  ‘ 


(4.3) 


Although  the  differential  currents  processed  within  the  differential  filter  are 
nonlinear  due  to  the  geometric-mean  operation  shown  in  (4.2),  the  external  input  and 
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output  currents  are  linear  since  the  nonlinearity  is  cancelled  by  subtracting  a 
differential  current  from  another  differential  pair  current. 


Figure  4. 1 Input  current  Iin  and  its  split  differential  currents  /,•;  and 

h- 

4.2.1  Current  Splitter 

To  split  an  input  current  to  differential  currents,  the  subtraction  and  the 
geometric-mean  operation  represented  in  (4.1)  and  (4.2)  are  implemented  by  a 
current  splitter.  Figure  4.2  shows  a simple  geometric-mean  current  splitter  [Fre96b]. 
This  circuit  implements  (4.1)  while  producing  output  voltages  Vj  and  V2  satisfying 

V1  + V2  = Vbel  + Vbe2  = 2V  D 


(4.4) 
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Figure  4.2  Geometric-mean  current  splitter. 

where  VD  = Vt  In  (I0  / Is)  is  the  VBE  of  an  ideal  transistor  operated  with  collector 
current  I0.  By  the  translinear  principle,  the  voltage-mode  translinear  loop  equation 
shown  in  (4.4)  is  converted  to  a current-mode  translinear  loop  equation, 

JhJhi  = *0’  (4-5) 

so  the  geometric-mean  of  the  two  inputs  /,■;  and  Ii2  is  fixed  at  a constant.  From  (4.1) 
and  (4.5), 


and 


1 il  ~ 


2 2 . 
in  +4I0  +lin 


j _ ^/^ 

1 i2  ~ 


2 2 
in  +4I0  ~lin 


Also,  currents  Iu  and  Ii2  are 


hi 


(4.6) 


(4.7) 


(4.8) 


and 
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hi  = !OexP[ — y 1 = JoexP 


-(V,-VD)- 


(4.9) 


respectively,  so  that 


. , {vi-vd\  . r<vi-vD>] 

lin  = l0eXP\  y J ~l0exP 


= 2I0sinh(  1 — - 

^ * t 


(4.10) 


Therefore, 


Vi-VD  .h(iin 

— — = asinnl  — — 


21 


(4.11) 


Substituting  (4.11)  into  (4.8)  and  (4.9)  gives 


hi  = 1 oexP 


asinhl  -~- 


(4.12) 


and 


hi  = h)exP 


-asinh 


(4.13) 


However,  the  nonzero  base  currents  of  Q,  and  Q3  in  the  current  splitter 
causes  inaccuracies,  causing  distortion.  Figure  4.3  [FoxOO]  shows  a modified  current 
splitter.  Instead  of  using  the  diode-connected  Qj  in  Figure  4.2,  the  circuit  has  a 
negative  feedback  loop  through  Q3,  Q4,  Q5,  M3,  and  M2.  Note  that  the  diode 
connection  of  Q3  is  replaced  by  a source  follower  M4  that  supplies  the  base  currents 
of  Q3  and  Q4  to  compensate  for  errors  due  to  finite  (3.  A bias  voltage  VB  is  applied  to 
the  base  of  Qj,  Q2,  and  Q5. 

4.2.2  Input  Signal  Conditioner 

The  current  splitter  provides  different  signal  paths  for  a pair  of  differential 
currents.  Path  mismatch  may  cause  distortion  when  high-frequency  signals  are 
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Figure  4.3  Modified  geometric-mean  current  splitter  for  low- 
voltage  operations. 

applied.  A possible  way  to  provide  a pair  of  symmetric  signal  paths  for  both 
differential  currents  is  using  a transformer  and  an  input  signal  conditioner.  The 
transformer  converts  an  input  signal  current  to  a pair  of  positive  currents.  Figure  4.4 
shows  a input  signal  conditioner  modified  from  the  current  splitter  shown  in  Figure 
4.3.  The  input  signal  source,  iin,  shown  in  Figure  4.4  can  be  implemented  by  a current 
source  and  a transformer  in  practical  applications.  The  collector  currents  of  Q1A  and 
Qib  are  a Paif  of  the  input  currents,  and  are  applied  to  a differential  filter. 

4.3  Differential  Log-Domain  Integrator 
Figure  4.5  shows  a differential  log-domain  integrator  based  on  cross- 
coupled  E'  cells  [Elg98,  Enz99,  Fox99b,  Fre99,  See90,  Yan96],  The  differential  log- 
domain  integrator  is  composed  of  E+  cells  (E5+  and  Eg+)  terminated  by  capacitors, 
cross-coupled  E cells  (Ej~  and  E2"),  and  two  capacitors.  The  positive  inputs  of  Ej" 
and  E2  are  biased  at  Vg.  The  shaded  area  is  the  core  of  the  differential  integrator  that 
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Figure  4.4  Input  signal  conditioner.  The  signal  current  source,  iin,  is 
implemented  by  a current  source  and  a transformer. 


Figure  4.5  Differential  integrator  formed  by  cross-coupled  E‘  cells 
and  E+  cells  terminated  by  capacitors. 
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operates  on  the  log-domain  input  voltages  Vu  and  Vi2  to  produce  output  voltages  Vo] 
and  Vo2.  All  E cells  of  the  core  are  biased  equally  at  I0.  When  a pair  of  differential 
input  currents  are  applied,  the  currents  are  added  to  the  reference  input  currents  of 
E5  and  E^"1".  The  output  conversion  E cells,  Eg4-  and  E^+,  convert  the  output  voltages 
Vol  and  V o2  to  the  output  currents  hi  and  I o2,  respectively. 

If  the  differential  integrator  is  implemented  with  a sinking  E+  cell  and  a 
sourcing  E"  cell,  the  differential  output  currents, 

hi  = IoexP\-(VB~Voi)/v,]  and  (4.14) 

h2  = I0exP^VB~Vo2)/Vth  (4.15) 

are  produced  by  E34"  and  E4+.  The  linear  output  current  is 

'out  = hl~h2 • (4.16) 

If  two  additional  conversion  E+  cells  were  added,  the  differential  input  currents  /,•; 
and  I j2  could  be  regenerated  from  Vi}  and  Vi2  as 


hi  = hexP\.(VB-vn)/v /]  and  (4.17) 

1i2  = I0exP^VB~Vi2)/Vt^-  (4-18) 


Then,  the  linear  input  current 


'in  = hl~h2’  (4.19) 

could  be  regenerated  by  subtracting  the  output  currents  of  two  additional  conversion 
E+  cells. 


Using  the  relations  between  the  output  current  and  the  input  voltages  of 
the  sinking  E cell  and  the  sourcing  E+  cell,  and  the  translinear  principle,  the  output 
currents  of  E5+,  E6+,  Ef  and  E2',  which  are  labeled  7;,  /2, 13,  and  I4,  are 
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[,  = I0exp[—'v  V,ry  (4.20) 

h = Io^p[V°2y  V'7V  ’ or -•  (4.21) 

v vt  ' 1 o2 

T T fVB~Vol')  TJol 

h = !oexP[ — y J=  70/^’  (4-22) 

and 

U = w(~  yVt02)=  7o^’  (4-23) 

respectively.  Therefore,  the  capacitor  currents  IC1  and  IC2  can  be  expressed  using 
(4.20),  (4.21),  (4.22),  and  (4.23)  as 


7c;  - I4 


J>  = 7o2-7^  = C 


dV 


ol 


°I 


ol 


dt 


(4.24) 


and 


7 ,2  dVo2 

IC2  = l3-l2  = Iol-I0Ji  = c2-^-.  (4.25) 

Using  (4.14),  (4.15),  (4.24),  and  (4.25),  the  circuit’s  nodal  equations  and  the  chain 
rule  yield  the  differential  equations 


Mol  _ dl0i  dVo] 
dt  dVo]  dt 


ol 


vtc 


r/^ 

°Iol 


h r 
vtc\; 


J il  — 


JolJo2 


and 


dJ o2  _ dlo2  dVo2 

dt  dV o2  dt 


o2 


vtc 


I hi 
°Jo2 


vtc 


J i2  ~ 


J o]J  o2 


(4.26) 


(4.27) 


The  first  terms  in  the  brackets  in  (4.26)  and  (4.27)  represent  the  E+-cell  output  cur- 
rent, and  the  second  term  represents  the  E"-cell  output  current.  If  Io]  and  Io2  are  sub- 
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tracted,  the  nonlinear  terms  (the  second  terms  in  the  brackets)  cancel,  yielding  the 
equation  of  a linear  current-mode  integrator, 

* out  _ d ..  lo  rT  . ,, 

dt  ~ dt^o]  o2>  ~ VtC^u~  i2*  ~ VtClin ’ (4'28) 

where  l^{VtC ) is  the  unity-gain  frequency  co0- 
4.3.1  Small-Signal  Analysis 

In  differential-mode  small-signal  analysis  at  the  zero  signal  bias  point, 
the  negative  output  conductances  of  the  E'  cells  cancel  the  positive  output  conduc- 
tance of  the  E+  cells  at  Vol  and  V02,  resulting  in  the  zero  net  output  conductances  of 
an  ideal  differential  log-domain  integrator.  However,  in  common-mode  small-signal 
analysis,  the  cross-coupled  E'  cells  provide  positive  damping.  Figure  4.6  shows  the 
common-mode  equivalent  of  the  cross-coupled  E’  cells.  The  negative  inputs  and  the 
outputs  of  each  E'  cell  are  coupled,  and  the  positive  inputs  of  both  E'  cells  are  con- 
nected to  VB.  The  small-signal  common-mode  output  conductance 


Figure  4.6  Common-mode  equivalent  of  cross-coupled  E~  cells. 
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1 


(4.29) 


out 


where  gm0  = l<JVt  is  the  zero-signal  transconductance  for  all  the  BJTs. 

Figure  4.7  (a)  shows  a transistor-level  differential  log-domain  integrator, 
implemented  using  the  E+  and  E'  cells  from  Figures  2.3  (c)  and  2.4  (c).  Shading  has 
been  used  to  highlight  Eg+  and  Ej".  The  level-shifters  in  E3+  and  E4+  have  been 
omitted  since  the  level-shifters  in  Ej"  and  E2'  perform  the  same  function.  Therefore, 
the  output  conversion  transistors  Q3  and  Q8  in  E3+  and  E4+  are  connected  to  the 
level-shifters  Q2  - M2  and  Q7  - M8,  respectively,  where  these  level-shifters  are  in  Ej‘ 
and  E2".  Bias  voltage  VB  is  set  to  about  1 V,  and  Vc  is  set  equal  to  VB.  VD  is  the  volt- 
age across  a diode  carrying  current  I0 : VD  = Vt  ln(Io/Is).  Figure  4.7  (b)  shows  the 
small-signal  common-mode  equivalent  half-circuit.  The  Q2  - M2  buffer  is  repre- 
sented as  a unity-gain  voltage-controlled  voltage  source.  The  current-mirror  input 
MOSFETs  M3  and  M9  are  in  parallel  for  common-mode  signals,  so  the  signal  path  is 
shown  passing  from  M3  and  M4.  The  buffered  common-mode  signal  vocm  is  ampli- 
fied by  Q4  with  common-base  transconductance  gm0.  The  resulting  current  signal  is 
mirrored  by  the  unity-gain  current-mirror,  which  is  loaded  by  diode-connected  Qj, 
whose  conductance  is  also  gm0.  Thus  the  dc  common-mode  loop  gain  TCM  is  verified 
to  equal  one,  and  the  shunt  feedback  yields  GCM  = gmo(l+TCM ) = 2gm0,  as  in  (4.29). 
4.3.2  Differential  Second-Order  Log-Domain  Filter 


second-order  lowpass/bandpass  log-domain  filter.  This  filter  is  composed  of  an 
input  signal  conditioner,  damping  E cells  ED1+  and  ED2+,  and  the  differential  inte- 


Figure  4.8  shows  how  E cells  can  be  interconnected  to  form  a differential 
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(b) 

Figure  4.7  Differential  log-domain  integrator,  (a)  Integrator  based  on 
the  circuit  shown  in  Figures  2.3  and  2.4.  (b)  Small-signal 
common-mode  equivalent  circuit. 
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Figure  4.8  Differential  second-order  log-domain  bandpass/lowpass 
filter. 
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grators.  The  core  of  the  filter  is  a resonator  based  on  a cross-coupled  pair  of  log- 
domain  integrators,  forming  a log-domain  gyrator.  All  reference  current  inputs  are 
set  to  the  tuning  current  I0  except  for  ED1+  and  ED2+,  whose  reference  current  inputs 
are  driven  by  the  signal  conditioner  outputs.  Damping  is  provided  by  the  added  dc 
current  sources  I(/Q.  Output  currents  can  be  derived  using  current  subtractors 
implemented  by  PMOSFET  current  mirrors. 

4.4  Common-Mode  Feedback  Circuits 
4.4. 1 Conditions  for  Adding  CMFB 

Examination  of  (4.26)  and  (4.27)  shows  that  the  nonlinear  terms  still  can- 
cel, and  (4.28)  still  applies  if  these  equations  are  replaced  by  the  more  general  form 


as  long  as  the  function /is  a CM  signal  that  operates  on  a signal  pair  symmetrically 
so  that  /(1,2)  = /(2,1).  To  keep  the  operating  point  (and  thus  the  integrator’s 
frequency  response)  unchanged, /must  equal  the  reference  current  I0  at  the  filter’s 
zero-signal  steady-state  operating  point.  Any  common-mode  signal  represented  as  a 
current  can  be  applied  to  the  lc  inputs  of  Ej"  and  E2'  in  Figure  4.5,  as  long  as  Ic 
equals  I0  at  the  zero-signal  operating  point.  Alternatively,  a common-mode  signal 
expressed  as  a voltage  can  be  applied  to  the  Vc  ports  in  Figure  4.5  if  the  zero-signal 
value  of  Vc  equals  VB.  Thus  we  can  use  Vc  or  Ic  as  an  input  port  for  CMFB. 


(4.30) 


and 


/<A2)/„,], 


(4.31) 
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Figure  4.9  shows  how  voltage-mode  CMFB  can  be  applied  to  a differential 
second-order  filter.  This  figure  shows  only  the  bandpass  section.  The  CMFB  circuit 
detects  the  bandpass  output  voltages  VoBl  and  V0£)2>  processes  the  voltage  signals, 
and  provides  the  CM  signal  to  the  inputs  of  EB1'  and  EB2‘.  The  detailed  operation  of 


• • 


Figure  4.9  Differential  second-order  bandpass/lowpass  filter  with 
CMFB.  Only  the  bandpass  part  is  shown. 


several  CMFB  circuits  [FoxOla]  will  be  demonstrated  in  the  following  sections. 
CMFB  can  also  be  added  at  the  lowpass  section  of  the  second-order  filter. 
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4.4.2  Arithmetic-Mean  CMFB 

One  way  to  generate  the  CMFB  is  to  sum  the  output  currents  and  feed  a 
resulting  amplified  voltage  back  to  Vc,  as  shown  in  Figure  4.10.  This  circuit  detects 
any  difference  between  Iol  + Io2  and  2I0,  amplifies  this  error  by  a large  loop  gain, 
and  feeds  the  result  back  through  the  Vq  ports  of  the  cross-coupled  E"  cells.  The 
feedback  forces  the  error  to  zero  so  that  Iol  + Io2  = 2I0.  The  output  currents  can  be 
expressed  in  closed  form  as 


Class  AB  operation  is  not  possible  with  this  circuit:  the  maximum  differential  signal 
swing  is  reduced  to  2I0. 

4,4.3  Geometric-Mean  CMFB 

Another  CMFB  alternative  is  to  detect  and  amplify  (VoI  + Vo2)/2  - VB, 
and  let  the  feedback  force  that  difference  toward  zero.  This  can  be  implemented 
using  the  circuit  shown  in  Figure  4.1 1.  Keeping  the  sum  of  Vol  and  Vo2  constant  is 
equivalent  to  keeping  the  geometric-mean  of  Iol  and  Io2  constant  by  the  translinear 
principle.  This  leads  to  a set  of  closed-form  solutions  for  the  differential  output  cur- 
rents. The  closed-form  solutions  are 


(4.32) 


(4.33) 


Since  only  positive  values  of  the  currents  can  be  handled  without  clipping. 


2 


(4.34) 
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(a) 


(b) 


Figure  4.10  (a)  Differential  integrator  with  the  arithmetic-mean 

CMFB.  (b)  Small-signal  common-mode  equivalent  circuit. 


75 


(a) 


(b) 


Figure  4. 11  (a)  Differential  log-domain  integrator  with  the 

geometric-mean  CMFB.  (b)  Small-signal  common- 
mode equivalent  circuit. 
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hi  = 


2.2  . 
out  ~ lout 


(4.35) 


where  iout  is  the  bandpass  or  lowpass  output  current  computed  from  the  filter’s  lin- 
ear transfer  functions.  The  closed-form  solutions  (4.34)  and  (4.35)  are  the  same  as 
(4.6)  and  (4.7)  derived  in  a geometric-mean  current  splitter.  We  can  also  write 
iout  = /0^[(VB-VoJ)/Vf]-/0^[(Vll-^2)/V/]  = 2I0sinh(vout/Vt),  (4.36) 
where  vout  = VB  - Vol  = -( VB  - Vo2),  which  leads  to 

1 0 j = 1 0exp[asinh(  + V../V,)]  (4.37) 

7o2  = I0exP\.asinh(-vout/Vt^-  (4-38) 


Thus  the  filters  based  on  this  structure  are  closely  related  to  the  “sinh”  filter 
[Fre96b], 

4.4,4  Harmonic-Mean  CMFB 

One  more  CMFB  circuit,  which  can  provide  lower  peak  E cell  currents 
than  the  previous  circuits,  is  shown  in  Figure  4.12.  The  output  voltages  VQj  and  Vo2 
are  used  to  derive  currents  1q/10i  and  /o2//o2>  which  are  the  collector  currents  of  Qj0 
and  Qjj,  respectively.  These  are  summed,  and  forced  (for  infinite  CM  loop  gain)  to 
equal  2I0,  forcing  the  harmonic  mean  l/[(l//o7)  + (1  /Io2)]  to  equal  Iq/2.  Therefore, 


+ 2 ' 
hi  7o2 


(4.39) 


If,  during  a signal  peak,  Io]  » I0,  the  constant  harmonic  mean  implies  that  the  peak 
amplitude  of  Io2  approaches  1q/2  rather  than  zero  (as  in  the  constant-geometric- 
mean  case).  The  increased  minimum  amplitude  of  Iol  or  Io2  reduces  the  peak  inter- 
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nal  current  in  the  second-order  filter,  since  the  internal  current  is  or 

(W(2)^o2>  as  shown  in  (4.30)  and  (4.31).  Solving  (4.3)  and  (4.39)  in  terms  of  IoI  and 
I02  yields  the  closed-form  solutions 


1 


ol 


(4.40) 


/ 


o2 


+ I0~  iout ) • 


(4.41) 


The  closed-form  solutions  for  differential  output  currents  allow  the 
prediction  of  the  peak  internal  currents  using  (4.30)  and  (4.31).  The  first  terms  in  the 
parentheses  of  (4.30)  and  (4.31)  are  the  internal  currents.  The  internal  output  currents 
of  ELi+  and  EL2+  in  Figure  4.8  are 


1 ELI 


= Ir 


oBl 

*oLl 


(4.42) 


and 


' EL2 


= / 


[ oB2 


°I 


oL2 


(4.43) 


where  IoLI  and  IoL2  denote  Iol  and  lo2  at  the  lowpass  output  port,  and  IoBI  and  IoB2 
denote  those  at  the  bandpass  output  port.  (4.42)  and  (4.43)  predict  the  peak  value  of 
the  internal  currents  by  substituting  the  values  of  Iol  and  Io2  from  the  closed-form 
solutions  into  (4.42)  and  (4.43).  This  prediction  can  be  used  to  determine  E cell 
topologies  and  transistor  geometries  for  a set  of  filter  specifications  without  repeated 


nonlinear  circuits  simulations. 


78 


(a) 


Figure  4.12  (a)  Differential  log-domain  integrator  with  the  harmonic- 

mean  CMFB.  (b)  Small-signal  equivalent  circuit. 


? > 
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4.4.5  CMFB  Small-Signal  Analysis 

The  low  frequency  CM  mode  gain  T0j  in  the  circuit  without  the  CMFB 
(see  Figures  4.5  and  4.7)  is  approximately  unity.  The  new  CMFB  circuits  can  be 
analyzed  using  the  small-signal  CM  half-circuits  in  Figures  4.10  (b),  4.11  (b),  and 
4.12  (b).  The  gains  of  the  added  CMFB  loops  can  be  expressed  as  T02  ~ GmcRout » 
where  Rout  is  the  resistance  to  ground  at  the  Vc  node  in  the  CM  half-circuit,  and  Gmc 
is  the  transconductance  of  a transistor  in  the  loop.  In  the  arithmetic-mean  circuit  (see 
Figure  4.10),  Gmc  is  the  common-base  transconductance  of  Q3  (or  Q8)  times  the  unity 
current  gain  through  M15  - M13  (or  M19  - M17)  and  equals  gm0,  where  gm0  = I^Vt.  In 
the  geometric-mean  CMFB  circuit  (see  Figure  4.11),  the  transconductance  Gmc  is 
that  of  the  actively  loaded  source-coupled  pair,  and  equals  the  transconductance  of 
M13  or  Mj4  (or  Mjg  or  Mjg).  Note  that  the  gain  of  the  CMFB  circuit  could  be 
increased  by  substituting  NPNs  for  the  n-channel  MOS  (NMOS)  FET  differential 
pairs  or  by  varying  their  tail  current  lx  in  Figure  4.1 1.  In  the  harmonic-mean  circuit 
(see  Figure  4.12),  Gmc  is  the  common-emitter  transconductance  of  Q10  (or  Qn)  and 
equals  gm0  = Iq/Vj.  In  all  three  circuits,  load  resistance  Rout  includes  current-source 
output  resistances  and  also  includes  rn4,  so  T02  is  no  higher  than  the  current  gain  (3 
of  Q4. 

Since  these  loop  gains  are  fairly  high,  it  is  important  to  consider  stability. 
Two  common-mode  loops  are  superposed.  One  of  the  loops  already  exists  when  no 
CMFB  circuit  is  added,  and  another  loop  is  formed  by  adding  a CMFB  circuit.  A zero 
is  generated  in  the  integrator  due  to  the  superposition  of  two  common-mode  loops. 
Thus,  the  common-mode  loop  gain  of  the  integrator  is 
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(T01  + T02)(l  + s/&z) 
(7  + s/(Qp)(l  + s/ga0 ) ’ 


where  the  dominant  pole  frequency  a>p  is  given  by 


(Op  = 


jp,  ~ r r~’ 

^out^P 


and  the  second  pole  at  the  filter  cutoff  frequency  by 


(4.44) 


(4.45) 


®o 


SmO 


(4.46) 


Here,  CL  is  the  integrating  capacitance,  CP  is  the  total  parasitic  capacitance  at  the  Vc 
node  in  the  CM  half-circuit.  The  zero 


®z  = -^  = GBW  = (OPi(T01  + T02)  = (opT02 


(4.47) 


where  T02  is  assumed  to  be  much  greater  than  T01.  Above  co0,  there  is  additional 
phase  shift  due  to  other  parasitic  effects,  especially  delays  through  the  PMOS  current 
mirrors.  The  unity-loop-gain  frequency  typically  lies  somewhere  between  coz  and  co0, 
as  shown  in  Figure  4.13  (a)  and  (b).  Assuming  the  parasitic  phase  effects  are  small 
at  (0q,  the  CMFB  circuits  even  without  compensation  are  unlikely  to  be  unstable. 
However,  to  ensure  adequate  phase  margin,  coz  cannot  be  much  higher  than  (00. 
(Figure  4.13  (c)  shows  the  unstable  condition.)  Equivalently,  Ctotai  (total  capacitance 
at  Vc  node)  should  not  be  much  less  than  ( Gmc/gm0)Cp  or  else  common-mode 
stability  and  transient  response  may  be  degraded.  Therefore,  a compensation 
capacitor  Cq  may  need  to  be  added  at  the  high-impedance  node  Vq  to  increase  the 
total  capacitance  CtotaP 
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Figure  4.13  Frequency  response  of  the  CM  loop  of  a typical  integrator 
with  CMFB  when  (a)  coz  < co0.  (b)  toz  > (or  =)  co0-  (c)  coz  » 

co0- 
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Figure  4.14  shows  results  of  the  phase  margin  of  an  integrator  with  the 
harmonic-mean  CMFB  versus  the  ratio  Cc/CL.  As  expected,  for  fixed  CL,  the  phase 
margin  increases  as  Cq  increases.  For  large  C i,  the  circuit  tends  to  be  stable  even  for 
small  Cc.  However,  for  smaller  CL,  parasitic  phase  effects  become  more  important 
and  Cq  must  be  increased  to  get  good  phase  margin. 


Figure  4.14  Simulated  CMFB  phase  margin  for  various  values  of 
compensation  and  load  capacitances. 

4.5  Simulation  and  Experimental  Results 
Three  differential  second-order  lowpass/bandpass  log-domain  filters  were 
designed,  based  on  the  differential  integrator  in  Figure  4.7.  In  one  of  the  designs,  no 
CMFB  was  added.  The  other  two  filters  had  geometric-mean  CMFB  circuits  or  har- 
monic-mean CMFB  circuits  at  both  bandpass  and  lowpass  ports. 
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4.5.1  Simulation  Results 

The  filters  were  simulated  using  HSPICE  with  the  following  model 
parameters:  supply  voltage  VDD  = 3 V,  reference  current  I0  = 15  pA,  C = 5 pF,  cen- 
ter frequency  f0  = 19  MHz,  Q = 1.  All  BJTs  were  modeled  in  HSPICE  using  (3  = 95, 
VAF  = 47.7  V,  TF  = 4.7  ps,  CJE  = 1 1.9  fF,  CJC  = 23.0  fF,  and  CJS  = 7.1  fF.  MOSIS 
1.5  pm  BISIM3  models  were  used  for  the  MOSFETs.  The  NMOS  FETs  had  W = 96 
pm,  L = 2.4  pm,  AD  = AS  = 384  (pm)2,  and  the  PMOS  FETs,  which  compose  the 
current  mirrors  in  E'  cells,  had  W = 58.4  pm,  L = 2.4  pm,  AD  = AS  = 232  (pm)2.  10 
pF  shunt  capacitors  were  added  at  the  Vq  nodes  in  the  harmonic-mean  CMFB  loops, 
providing  about  50°  CM  phase  margin. 

Figure  4.15  shows  the  simulation  results  of  the  frequency  responses  at  the 
lowpass  and  the  bandpass  output  ports  of  the  differential  second-order  log-domain 
filter  without  CMFB  circuits.  The  cutoff/center  frequency  was  19  MHz,  as  expected, 
and  the  dc  gains  of  the  lowpass  output  and  the  bandpass  output  were  unity  and  -44 
dB,  respectively. 

Figure  4.16  shows  the  waveforms  of  the  internal  currents  IEI+  at  the 
lowpass  part  of  the  filters  when  no  CMFB  circuit  was  added,  when  the  geometric- 
mean  CMFB  circuits  were  added,  and  when  the  harmonic-mean  CMFB  circuits  were 
added,  respectively.  The  input  signal  frequency  was  500  Hz,  and  the  modulation 
index  was  20.  From  the  filter  structure  in  Figure  4.8,  the  internal  output  current  of 
Ej+  at  the  lowpass  part 

i + _ j 1 oB2 
* ELI  ~ l0l 

1 oLl 


(4.48) 
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Figure  4.15  Frequency  responses  of  the  differential  second-order  log- 
domain  lowpass/bandpass  filter  from  HSPICE  simulations. 

(4.48)  shows  that  the  largest  minimum  value  of  IoL1  produces  the  smallest 
value  of  Iel]+.  Therefore,  as  expected,  the  peak  value  of  the  internal  current  of  the 
filter  with  the  harmonic-mean  CMFB  circuits  was  least  since  the  minimum  value  of 
I oLl  °f  the  filter  was  largest  among  those  three  filters.  The  waveform  of  Igi]+ , when 
no  CMFB  was  added,  was  clipped,  since  the  transistor  geometries  of  the  current 
mirrors  in  E'  cells  could  not  accommodate  the  large  current.  HSPICE  can  show  an 
instantaneous  operating  point  at  any  time  during  a signal  period.  The  operating  point 
of  the  filter  without  added  CMFB  at  500  ps  verified  that  the  PMOS  transistors  in  E‘ 
cells  had  entered  in  the  triode  region. 
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Figure  4. 16  Simulated  internal  current  waveforms  at  the  lowpass  port  in 
differential  second-order  filters  with/without  CMFB 
circuits  when  VDD  = 3 V. 

Figure  4.17  shows  THD  at  the  lowpass  output  port  versus  modulation 
index  for  three  filters.  When  m was  between  one  and  16,  the  THD  levels  of  the  three 
filters  were  not  much  different  since  the  peak  values  of  all  IEE]  + currents  were  not 
large  enough  to  overload  the  PMOS  FETs  in  the  E"  cells.  When  m was  equal  to  20, 
the  THD  of  the  filters  without  the  added  CMFB,  with  the  geometric-mean  CMFB, 
and  with  the  harmonic-mean  CMFB  were  1.73%,  0.54%,  and  0.39%,  respectively.  As 
m increases,  THD  of  the  filter  without  the  CMFB  increased  steeply  due  to  the  severe 
clipping  of  IEL]+. 
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Output  Modulation  Index 

Figure  4.17  Comparison  of  THD  (through  simulations)  of  the 
lowpass  output  vs.  modulation  index  of  the  filters  with 
the  harmonic-mean  CMFB,  with  the  geometric-mean 
CMFB,  and  without  the  added  CMFB. 

Figure  4.18  shows  THD  simulations  for  the  three  filters  when  the  supply 
voltage  VDD  was  changed  from  3 V to  2.4  V,  with  all  other  filter  specifications 
unchanged.  The  obvious  difference  between  Figure  4.17  and  Figure  4.18  is  the  THD 
of  the  filter  with  the  harmonic-mean  CMFB.  The  plot  shows  a “bump”  around  m = 8. 
This  bump  was  related  to  overload  in  the  level-shifters  composed  of  Q2  and  M7  (or 
Q7  and  Mg)  in  Figure  4.12  (a).  There  was  not  much  voltage  headroom  for  Q2,  since 
the  collector  voltage  of  Q2  was  equal  to  the  VGS  of  M2  and  VB  equals  1 V.  This 
distortion  mechanism  can  be  eliminated  by  redesigning  the  E cells,  as  shown  in 
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Output  Modulation  Index 

Figure  4.18  Comparison  of  THD  (through  simulations)  of  the  lowpass 
output  vs.  modulation  index  of  the  filters  with  the 
harmonic-mean  CMFB,  with  the  geometric-mean  CMFB, 
and  without  the  added  CMFB,  when  VDD  = 2.4  V. 

Figure  2.9.  The  THD  of  the  filter  without  the  added  CMFB  increased  from  less  than 
0.5%  for  m = 5 to  over  3%  for  m = 8.  When  the  harmonic-mean  or  geometric-mean 
CMFB  was  added  at  both  the  lowpass  and  bandpass  ports,  THD  stays  below  1.5%  for 
m up  to  10.  For  m>  10,  THD  in  the  filter  with  geometric-mean  CMFB  tends  to  be 
larger  than  in  the  filter  with  harmonic-mean  CMFB,  due  to  the  larger  internal  current 
1eli+ ■ Figure  4.19  shows  the  current  waveforms  of  each  IEL 7+  in  three  filters  when 
m = 8 and  VDD  = 2.4  V.  The  hump  that  appears  on  the  current  waveform  of  IEu+  of 
the  filter  with  the  harmonic-mean  CMFB  was  caused  by  overload  in  the  level  shifters. 
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Time  (ms) 


Figure  4.19  Simulated  internal  current  waveforms  at  the  lowpass  port  in 
differential  second-order  filters  with/without  CMFB 
circuits  when  VDD  = 2.4  V. 

increasing  the  distortion.  The  hump  on  the  current  waveform  appears  for  m larger 
than  six,  and  dominates  the  THD  for  m from  six  to  10,  as  shown  in  Figure  4.18. 
4.5.2  Experimental  Results 

The  filters  were  built  in  the  MOSIS  AMI  ABN  1.5  pm  CMOS  process, 
which  provides  rudimentary  NPN  BJTs  without  buried  collector  layer,  as  shown  in 
Figure  4.20.  The  emitter  and  base  were  designed  using  a finger-type  layout  to 
decrease  parasitic  resistance  [Ro99].  The  test  chip  contained  the  three  differential 
second-order  lowpass/bandpass  filters  simulated  in  the  previous  section.  Figure  4.21 
shows  the  test  chip  layout  of  the  filters.  Electrostatic  discharge  (ESD)  protection 
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P-substrate 


Figure  4.20  NPN  BJT  provided  by  the  MOSIS  AMI  ABN  1.5  pm 
process. 

diodes  were  included  for  all  pads.  The  chip  size  including  the  pads  was  2200  pm  x 
2200  pm.  The  upper  part  of  the  chip  is  the  filter  with  the  harmonic-mean  CMFB 
circuits,  the  middle  part  is  the  filter  with  the  geometric-mean  CMFB  circuits,  and  the 
lower  part  is  the  filter  without  the  added  CMFB  circuits.  Two  10  pF  compensation 
capacitors,  shown  in  the  upper-right  side  of  Figure  4.21,  were  added  to  ensure 
stability  of  the  filter  with  harmonic-mean  CMFB. 

The  dc  tests  were  performed  using  a parameter  analyzer  (HP  4155)  to 
verify  the  trends  predicted  through  simulations,  including  significantly  reduced  peak 
currents  and  enhanced  linearity  provided  by  the  CMFB  circuits.  Differential  dc  input 
currents  were  injected  directly  from  the  parameter  analyzer  to  the  differential  input 
ports  of  the  filters.  The  power  supply  voltage  was  set  to  2.4  V,  and  bias  voltage  VB 
was  set  to  1.0  V.  The  output  differential  currents  (Iout]  and  louti)  were  measured 
using  the  HP  4155  at  the  lowpass  output  ports,  as  functions  of  the  dc  differential 
input  current.  The  output  signal  (Iout)  was  derived  by  subtracting  the  two  differential 
output  currents.  Figure  4.22  shows  the  output  signal  versus  modulation  index  for  the 
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Figure  4.21  Differential  second-order  lowpass/bandpass  filter  layout. 
Three  filters  were  placed  in  one  chip. 
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filters  without  added  CMFB,  with  the  geometric-mean  CMFB  circuits,  and  the 
harmonic-mean  CMFB  circuits,  when  the  tunable  bias  current  I0  was  set  to  1 1 p.A, 
15  |J.A,  and  20  (J.A,  respectively.  In  Figure  4.22,  constant  slope  would  indicate  linear 
output  current.  As  the  slope  decreases  with  increasing  modulation  index,  the  output 
current  is  nonlinear. 

To  highlight  the  effects  of  the  CMFB  circuits  on  the  internal  currents, 
Figure  4.22  was  converted  to  Figure  4.23,  which  shows  the  gain  of  the  filters  versus 
modulation  index.  If  the  gain  is  constant,  the  output  currents  are  linear,  and  when  the 
gain  starts  decreasing,  nonlinear  output  currents  were  produced  by  the  clipping  of  the 
internal  currents.  The  lowpass  gain  was  designed  as  unity,  thus  the  constant  gain 
shown  in  Figure  4.23  should  be  unity.  However,  the  constant  gains  from  the 
measurement  results  were  slightly  higher  than  unity,  most  likely  due  to  process 
variations. 

A printed  circuit  board  (PCB)  for  a 40-pin  chip  was  designed  and  used  for 
ac  measurements.  Figure  4.24  shows  a detailed  measurement  setup.  An  AC  voltage 
signal  is  injected  to  a transformer  by  a function  generator  (HP3311A).  The 
transformer  produces  two  voltage  signals  180°  out  of  phase  for  the  differential 
inputs  of  a filter.  A dc  blocking  capacitor  (C  = 0.1  (iF)  is  connected  directly  to  the 
output  of  the  transformer,  and  a resistor  (R  = 10  k£2)  is  placed  between  the  capacitor 
and  an  input  port  of  a filter  converts  an  ac  voltage  signal  to  a current  signal.  At  the 
output  stage,  the  output  currents  hi  and  Io2  are  converted  into  voltages  by  resistors 
(R  = 10  kO)  and  connected  to  a digital  oscilloscope  (Agilent  54622D)  for 
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Figure  4.22  Measured  output  currents  vs.  input  modulation  index.  The  filter 
(a)  without  the  added  CMFB,  (b)  with  the  geometric-mean 
CMFB,  (c)  with  the  harmonic-mean  CMFB. 
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(b) 


(C) 

Figure  4.23  Measured  lowpass  output  gain  dIoutLP  / dlin  vs.  modulation 
index  when  (a)  I0  = 11  pA,  (b)  I0=  15  pA,  and  (c)  I0  = 20 
pA. 


94 


CHIP  UNDER  TEST 


Figure  4.24  AC  measurement  setup  of  the  test  chip. 

measurements.  Bias  voltages  were  supplied  from  a dc  power  supplier.  Figure  4.25 
shows  the  actual  measurement  setup  on  a printed  circuit  board. 

Figure  4.26  shows  typical  measured  lowpass  and  bandpass  frequency 
responses.  All  the  filters  had  similar  frequency  responses.  Bias  current  I0  was  set  to 
1 |iA,  which  ideally  would  yield  a cutoff/center  frequency  of  1 .2  MHz.  The  measured 
cutoff/center  frequency  was  slightly  less  than  the  ideal  value,  most  likely  due  to 
inadequate  modeling  of  parasitic  effects.  (The  BJTs  used  were  never  fully 
characterized.)  The  cutoff/center  frequency  variation  can  be  tuned  by  varying  the 
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Figure  4.25  Actual  measurement  setup  on  a printed  circuit  board, 
bias  current  of  the  filter.  The  deviation  in  filter  Q from  its  designed  value  (1.0)  and 
the  modest  low-frequency  attenuation  for  the  bandpass  response  are  attributable  to 
mismatch,  which  could  probably  have  been  lowered  through  more  careful  layout. 
The  figure  shows  signal  feedthrough  around  10  MHz,  probably  because  of 
inadequate  input/output  isolation  in  the  test  setup. 

4.6  Conclusions 

Although  differential  log-domain  filters  can  operate  Class  AB,  resulting 
in  infinite  dynamic  range  ideally,  in  practical  applications,  the  maximum  signal 
swing  is  limited  by  E cell  topology  and  transistor  geometries.  CMFB  circuits  can  be 
added  to  differential  second-order  log-domain  filters  without  affecting  external 
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Figure  4.26  Measured  frequency  responses  of  differential  second-order 
lowpass/bandpass  filter  with  tunning  current  I0  = 1 pA. 

linearity.  Two  useful  CMFB  circuits  have  been  proposed:  the  geometric-mean  CMFB 
circuit  and  the  harmonic-mean  CMFB  circuit.  The  CMFB  circuits  reduce  the  peak 
internal  currents  in  log-domain  filters,  reducing  nonlinearity.  These  CMFB  circuits 
allow  increased  signal  swing  of  the  log-domain  filters  and  increasing  the  dynamic 
range.  Simulation  and  experimental  results  were  given. 


CHAPTER  5 

DIFFERENTIAL  LOG-DOMAIN  FILTERS  WITH  MIXED 
COMMON-MODE  FEEDBACK 

5.1  Introduction 

The  differential  second-order  log-domain  filter  composed  of  two 
differential  log-domain  integrators  has  lowpass  and  bandpass  output  ports,  as  shown 
in  Figure  4.8.  CMFB  circuits  can  be  added  at  both  output  ports,  forcing  the 
differential  output  currents  to  follow  simple  forms. 

In  the  previous  chapter,  the  same  CMFB  circuits  were  added  at  both 
bandpass  and  lowpass  ports  of  the  second-order  filters.  This  chapter  explores  the 
possibility  of  applying  CMFB  to  only  one  of  the  two  stages  within  a differential 
second-order  log-domain  bandpass/lowpass  filter.  Closed-form  expressions  are 
found  for  the  peak  currents  in  such  filters,  for  the  case  of  low  input  frequency. 
Circuits  that  have  the  lowest  peak  currents  for  low  frequency  inputs  are  usually  the 
best  choices  overall  for  linearity,  because  low  frequencies  correspond  to  the  highest 
peak  currents.  Also,  low  frequencies  are  worst-case  for  harmonic  distortion,  since 
there  is  no  removal  of  higher  harmonics  by  the  filter. 

With  two  integrator  stages  and  three  possible  CMFB  arrangements 
(geometric-mean  CMFB,  harmonic-mean  CMFB,  and  no  added  CMFB)  at  each 
integrator  output,  there  are  nine  possible  combinations.  In  the  nine  possible 
implementations,  the  peak  E+  cell  currents  at  the  bandpass  and  the  lowpass  ports  will 
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be  estimated  to  find  which  combination  of  the  CMFB  circuits  produce  the  minimum 
peak  value. 

5.2  Internal  E+  Cell  Currents 

The  differential  second-order  log-domain  filter,  based  on  interconnecting 
E cells,  has  bandpass  and  lowpass  output  ports,  as  shown  in  Figure  4.8.  The  linear 
output  currents  ioutBP  and  ioutLP  are 


and 


loutBP 


(5.1) 


loutLP  ~ loLl  ~ JoL2  ■ (5-2) 

At  frequencies  low  enough  that  capacitive  currents  can  be  neglected,  the 
nodal  equation  at  VoB1  is  given  by 


^ohi  IqKli 

KbI  JoB1 


e+/ 


oB2 


f B^oBl  > Kb2^  » 


(5.3) 


where  fB(IoB],  IoB2)  = exp[(VCB  ~ VB)/Vt] . Multiplying  both  sides  of  (5.3)  by 

1 0Bi/1o  yields 


1 _i_  I — I °B2  f ( J J \ i ^ °B1 

1 il  ' 1 oLl  ~ j J B^oBl’  loB2>  + ~7T  ’ 

l0  U 


(5.4) 


and  the  nodal  equation  at  VoB2  is  leads  to 


+ /, 


loBl 


,i2~rloL2  ~ j f B^oBP  ^ 0B2)  + 

* n 


oB2 

Q 


(5.5) 


The  nodal  equations  at  VoLl  and  VoL2  at  low  frequencies  yield 


I oBl  ~ 1 oB2 


IoLlIoL2 


f lV oLl’l 0L2)  ’ 


(5.6) 
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where  f A1  oLb1 0L2)  = exPttv cl  ~ vbV ■ Note  that 

f B^oBi*  I0B2)  ~ f lV oLi'l 0L2)  ~ 1 when  no  CMFB  circuit  is  added  at  either  port, 
since  Vqq  and  V^i  are  connected  to  VB.  Therefore,  if  no  CMFB  circuit  is  added  at  the 
lowpass  port,  from  (5.6), 


I oBl  ~ I oB2 


1 oLl^ oL2 


(5.7) 


In  Figure  4.8,  the  voltage  signals  VoLl  and  V 0qi  are  applied  at  the  positive 
and  the  negative  input  ports  of  EB]+,  respectively.  The  output  current  of  EB1+  does 
not  appear  externally,  but  the  current  exists  internally.  Using  the  sinking  E+  cell’s 
function  in  (2.3)  and  the  translinear  principle,  the  current  can  be  expressed  as 


where 


and 


I loU\ 

V,  ) 


zXolA 

yt  y 


The  output  currents  of  the  other  E+  cells  are 


(5.8) 


(5.9) 


(5.10) 


lEB2 


oB2 

oLl 


(5.11) 


(5.12) 


and 
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V oL2~  ^oBl 


(5.13) 


where  IgB2+’  Ieli+>  and  IeL2+  are  the  internal  output  currents  of  EB2+,  EL1+,  and 
EL2+,  respectively,  and 


5.3  Mixed  CMFB  Circuits 

Three  CMFB  circuits,  the  arithmetic-mean  CMFB  circuit,  the  geometric- 
mean  CMFB  circuit,  and  the  harmonic-mean  CMFB  circuit,  have  been  proposed  for 
differential  second-order  log-domain  lowpass/bandpass  filters.  In  this  chapter,  only 
the  geometric-mean  CMFB  circuit  and  the  harmonic-mean  CMFB  circuit  will  be 
considered  for  the  combinations  of  the  CMFB  circuits  since  the  arithmetic-mean 
CMFB  circuit  does  not  allow  Class  AB  operation. 

The  geometric-mean  CMFB  circuit  shown  in  Figure  4.11  provides  a pair 
of  closed-form  solutions  for  the  differential  output  currents,  as  shown  in  (4.34)  and 
(4.35).  Substituting  the  maximum  value  of  iout  = ml0sin{ cor)  into  (4.34)  and  (4.35) 
yields 


(5.14) 


and 


(5.15) 


(5.16) 


and 
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7 _ ^ 

*o2  ~ 


2 2 . 
o«7  o ~ lout 


Jm2I02  + 41 02  - ml0 


( / 2 


= /, 


(5.17) 


Using  the  Taylor’s  binomial  series 


, xn  n n- 1 

(a  + x)  ~a  + na  x, 


2 2 

for  a » x , therefore, 


(5.18) 


m 

T 


i 

2\2 


+ i*  +=  r-^- 


1 fm 

+i~4 


2x2' 


m 1 
+ — 
2 m 


(5.19) 


Substituting  (5.19)  into  (5.16)  and  (5.17)  yields  the  approximate  maximum  values  of 


r . (m  1 m\  T ( 1 


(5.20) 


and 


T ~ 1 (m  _l.  1 m\  _ I() 

°2  °V2  m 2J  m 


(5.21) 


For  m > 2 , the  error  in  the  approximation  of  the  peak  Iol  is  less  than  4%. 

The  closed-form  solutions  for  the  harmonic-mean  CMFB  circuit  (4.40) 
and  (4.41)  are 


Ki  - 2^* out  +Io  + + W)  ~ y(V"J  +1  + 1 +m) 


(5.22) 


and 


Jo2  = & 


out  +Io2  + Io~iout)  = j(Jm2  + 1 + 1 -m). 


(5.23) 


Using  the  Taylor’s  binomial  series  in  (5.18),  for  m greater  than  about  2,  yields 


J, 


2 . 1 

m + 1 ~ m + — — . 

2m 


(5.24) 
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Substituting  (5.24)  into  (5.22)  and  (5.23)  yields  approximate  maximum  values  of 


For  m > 2 , the  error  in  the  approximation  of  the  peak  Iol  is  less  than  0.3%. 

There  are  nine  possible  ways  to  combine  the  CMFB  circuits  for  the 
bandpass  and  the  lowpass  output  ports  of  the  filter  shown  in  Figure  4.8  with  two 
CMFB  circuits  and  without  the  added  CMFB  circuit.  The  nine  combinations  are:  (A) 
the  geometric-mean  CMFB  circuits  are  added  at  both  lowpass  and  bandpass  ports 
(GG);  (B)  the  geometric-mean  CMFB  circuit  is  added  at  the  bandpass  port,  and  the 
harmonic-mean  CMFB  circuit  is  added  at  the  lowpass  port  (GH);  (C)  the  harmonic- 
mean  CMFB  circuit  is  added  at  the  bandpass  port,  and  the  geometric-mean  CMFB 
circuit  is  added  at  the  lowpass  port  (HG);  (D)  the  harmonic-mean  CMFB  circuits  are 
added  at  both  lowpass  and  bandpass  ports  (HH);  (E)  the  geometric-mean  CMFB 
circuit  is  added  at  the  bandpass  port,  and  no  CMFB  circuit  is  added  at  the  lowpass 
port  (GN);  (F)  no  CMFB  circuit  is  added  at  the  bandpass  port,  and  the  geometric- 
mean  CMFB  circuit  is  added  at  the  lowpass  port  (NG);  (G)  the  harmonic-mean 
CMFB  circuit  is  added  at  the  bandpass  port,  and  no  CMFB  circuit  is  added  at  the 
lowpass  port  (HN);  (H)  no  CMFB  circuit  is  added  at  the  bandpass  port,  and  the 
harmonic-mean  CMFB  circuit  is  added  at  the  lowpass  port  (NH);  and  (I)  no  CMFB 
circuit  is  added  at  either  the  bandpass  or  the  lowpass  port  (NN).  Figures  5.1  and  5.2 


(5.25) 


and 


(5.26) 
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*H.C.:  Harmonic-mean  CMFB  ^ 
*G.C.:  Geometric-mean  CMFB 


(c) 


(d) 


Figure  5.1  Differential  second-order  bandpass/lowpass  filters  with  (a) 
H.C.  at  the  bandpass  and  the  lowpass  ports,  (b)  G.C.  at  the 
bandpass  and  the  lowpass  ports,  (c)  H.C.  at  the  bandpass  port 
and  G.C.  at  the  lowpass  port,  and  (d)  G.C.  at  the  bandpass  port 
and  H.C.  at  the  lowpass  port.  The  current  splitter  is  not  shown. 
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(a)  (b) 


*H.C.:  Harmonic-mean  CMFB 
*G.C.:  Geometric-mean  CMFB 


(c)  (d) 

Figure  5.2  Differential  second-order  bandpass/lowpass  filters  with  (a) 
H.C.  at  the  lowpass  port,  (b)  H.C.  at  the  bandpass  port,  (c)  G.C. 
at  the  lowpass  port,  and  (d)  G.C.  at  the  bandpass  port.  The 
current  splitter  is  not  shown.  Vc  is  the  bias  voltage  that  is 
converted  to  Ig  when  there  is  no  input  signal. 
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show  eight  of  the  nine  possible  implementations  of  the  second-order  differential 
filters,  excluding  the  NN  case. 

The  nine  combinations  can  be  divided  into  four  groups,  based  on  the 
approaches  needed  to  solve  for  the  differential  output  currents: 

(A)  If  infinite  loop-gain  CMFB  circuits  are  added  at  both  the  bandpass  and  the 
lowpass  ports,  then  loBh  IoB2,  IoL1,  and  loL2  can  be  predicted  by  (5.20),  (5.21),  (5.25), 
and  (5.26).  The  GG,  GH,  HG,  and  HH  cases  belong  to  this  group. 

(B)  In  the  GN  and  HN  cases,  JoB2)  = 1 , and  the  feedback  forces 

Kbi  = 10B2  = /0.  since  'outBP  = Substituting  these  values  into  (5.6)  yields 
2 

KliKl2  = Jo  • Therefore,  the  differential  output  currents  IoL]  and  IoL2  can  be 
predicted  by  (5.20)  and  (5.21),  the  equations  for  the  currents  in  the  geometric-mean 
CMFB  circuit. 

2 

(C)  In  the  NG  case,  IoL]IoL2  = I0 " because  of  the  added  geometric-mean  CMFB 
circuit  at  the  lowpass  port,  and  thus  IoLl  and  loL2  are  given  by  (5.20)  and  (5.21). 
Substituting  fB(IoB1,IoB2)  = 1 into  the  nodal  equation  (5.5)  gives 


JqB  [oB 

Jo  Q 


~ J i2 


1 oL2 


= 0, 


(5.27) 


where  I oB]  = I oB2  = I B.  Substituting  the  approximate  peak  amplitude  + 

j Q\  mj 

1 Q 

a°d  — into  li2  and  IoL2  in  (5.27),  respectively,  gives  a quadratic  formula  in  terms  of 
J0b ■ Note  that  the  closed-form  solutions  for  the  geometric-mean  CMFB  circuit  can  be 
applied  to  the  differential  input  currents  Iu  and  Ii2  since  IuIi2  = when 

jRef  = Io/Q  in  current  splitter.  Solving  the  quadratic  formula  yields 
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1 oB,  MAX 


l0  ^*0  \ 1 Jm  1 1\ 

2Q  + iJ~2  + 4{-~  + ^ + -1 


'Q 


Q Qm  m 


(5.28) 


In  the  NH  case,  U0li^oL2^ V oil  + Ku)  ~ ^/2  by  the  added  harmonic- 

mean  CMFB  circuit  at  the  lowpass  port,  and  thus  IoL1  and  IoL2  can  be  predicted.  The 

nodal  equation  (5.5)  is  expressed  in  the  form  of  (5.27)  since  fB(IoB1,  IoB2 ) = 1 , as 

in  the  NG  case.  Substituting  the  approximate  peak  amplitude  — (m  + — 1 and 

Q\  mj 

1°[~  + into  I i2  and  IoL2,  respectively,  gives  a quadratic  formula  in  terms  of  loB. 

Solving  the  formula  yields 


oB  2Q  2 , 


1 Jm  1 1 1\ 

~2+4{q  + q^  + 4^+-2)- 


a 


(D)  In  the  NN  case,  fB(IoB],  IoB2)  - 1 and  / l^oL1'^oL2) 
f d1  oLi’ 1 0L2)  = 1 in  (5.6)  gives 


(5.29) 
1 . Substituting 


j _ KuKl2  _ V oL2  + oL2  Kl2 

1 oB  ~ , - ; - —j — + 


ml 


oL2  ’ 


(5.30) 


where  IoLI  = IoL2  + ml0  at  dc.  Substituting  the  quadratic  formula  from  the  right  side 
of  (5.30)  into  IoB  in  (5.4)  and  (5.5)  leads  to  a fourth-order  polynomial  formula  in 
terms  of  IoLj  or  IoB2,  which  cannot  be  solved  in  convenient  closed  form. 

5.4  Simulation  Results 

In  many  simulations  of  differential  second-order  bandpass/lowpass  log- 
domain  filters,  overload  of  the  current  mirrors  in  the  E'  cells  was  the  dominant  cause 
of  distortion.  The  overload  of  the  current  mirrors  was  caused  by  the  nonlinear 
internal  output  currents  of  E+  cells.  This  suggests  that  circuits  that  minimize  the 
largest  E-cell  currents  will  provide  the  lowest  distortion. 
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5.4.1  Idealized  Simulations 

To  verify  the  relations  derived  in  the  previous  section,  the  computed  peak 
currents  were  compared  to  idealized  simulations  performed  using  MATLAB  and 
HSPICE.  For  HH,  GG,  HG,  and  GH  cases,  MATLAB  simulations  were  performed 
with  the  closed-form  solutions  and  the  E+  cell  current  equations  shown  in  (5.8)  and 
(5.11)  through  (5.13).  The  filter  cutoff/center  frequency  was  set  to  18.4  MHz  and  Q 
= 1,  respectively.  The  applied  input  signal  frequency  was  500  Hz,  and  the  peak  E+ 
cell  currents  were  estimated  for  various  modulation  indices. 

For  the  GN,  HN,  NG,  HG,  and  NN  cases,  idealized  HSPICE  simulations 
were  performed  on  the  filters  to  provide  estimates  of  the  peak  magnitudes  of  the  E+- 
cell  currents.  These  simulations  used  extremely  large  W/L  and  simple  Level- 1 model 
parameters  for  MOSFETs,  and  infinite  (3  and  VA  for  BJTs.  The  filter  specifications 
were  identical  with  those  used  for  the  MATLAB  simulations.  The  tuning  current  Iq 
was  set  to  15  pA,  and  integrating  capacitors  were  set  to  5 pF  to  give  the  cutoff/center 
frequency  of  18.4  MHz. 

Figure  5.3  shows  the  normalized  peak  E+  cell  currents  versus  modulation 
index  for  the  GG,  GH,  HG  and  HH  cases,  where  the  normalized  values  were 
calculated  by  dividing  the  actual  current  values  by  I0.  Figure  5.3  (a)  and  (d)  show  the 
lowest  peak  magnitudes  of  and  /£B2+  f°r  the  modulation  index  m up  to  30,  and 
Figure  5.3  (b)  and  (c)  show  the  highest  peak  magnitudes  of  Ipi2+  and  Iebi+ ■ Figure 
5.4  shows  the  normalized  peak  E+  cell  currents  of  the  GN,  NG,  HN,  NH,  and  NN 
cases  from  the  idealized  HSPICE  simulations. 


Normalized  lEB1+  Normalized  I 
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(a) 


(b) 


(c)  (d) 

Figure  5.3  MATLAB  simulation  results  of  the  normalized  internal  E+ 
cell  currents  versus  modulation  indices,  (a)  Ieli+-  (b) 
Iel2+ • (c)  Iebi+ ■ (d) 1eb2+ ■ 


EB1  '>0  'ELI 
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(C)  (d) 


Figure  5.4  HSPICE  simulation  results  of  the  normalized  internal  E+ 
cell  currents  versus  modulation  indices,  (a)  Ieli+-  (b) 
I EL2 + • (c) IEB1  + - (d) IeB2  + ■ 
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Figures  5.3  (b)  and  5.4  (b)  show  that  the  normalized  peak  magnitudes  of 
Iel2+  °f  the  NH,  HH,  and  GH  cases  were  smaller  than  the  other  six  cases  for  m up  to 
30.  The  NG  case  showed  such  large  IEE2+  that  there  was  clipping  of  PMOS  FET 
current  mirrors  in  the  E'  cells  in  the  HSPICE  simulation,  even  though  the  simulations 
were  idealized.  Figures  5.3  (c)  and  5.4  (c)  show  that  the  NH  case  has  lower  peak 
magnitudes  of IEEj+  than  the  HH  and  GH  cases.  Therefore,  the  NH  case  gives  a good 
compromise,  providing  low  maximum  values  of  both  IEL2+  and  IEbi  + ■ This  suggests 
that  the  NH  case  may  offer  large  signal  swings  in  practical  circuits,  with  large 
dynamic  range  and  low  THD. 

5.4.2  Practical  Simulations 

More  realistic  HSPICE  simulations  were  performed  to  estimate  THD  for 
practical  filters  using  the  NN,  HH,  and  NH  cases.  The  circuits  used  the  following 
model  parameters:  supply  voltage  VDD  = 3 V,  reference  current  I0  = 15  pA,  C = 5 pF, 
center/cutoff  frequency  f0  = 19  MHz,  <2=1.  All  BJTs  were  modeled  in  HSPICE  using 
P = 95,  VAF  = 47.7  V,  TF  = 4.7  ps,  CJE  = 11.9  fF,  CJC  = 23.0  fF,  and  CJS  = 7.1  fF. 
The  MOSIS  1.5  pm  BISIM3  models  were  used  for  the  MOSFETs.  The  NMOS  FETs 
had  W = 96  pm,  L = 2.4  pm,  AD  = AS  = 384  (pm)2,  and  the  PMOS  FETs,  which 
compose  the  current  mirrors  in  E"  cells,  had  W = 58.4  pm,  L = 2.4  pm,  AD  = AS  = 
232  (pm)2. 

Figure  5.5  shows  the  simulated  THD  versus  m for  the  NN,  NH,  and  HH 
cases.  THD  of  these  three  cases  were  not  much  different  for  m between  1 and  16, 
staying  below  0.5%.  The  THD  of  the  NN  case  started  to  increase  sharply  when  m was 
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16,  producing  THD  higher  than  1.5%  when  m was  equal  to  20,  whereas  the  THD 
levels  for  the  NH  case  stayed  below  1 % for  m up  to  23  and  in  the  HH  case  to  about  27. 
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Figure  5.5  Comparison  of  THD  vs.  modulation  index  of  the  NN,  NH,  and 
HH  cases. 

5.5  Conclusions 

With  three  possible  CMFB  arrangements  at  each  integrator  output  of  a 
differential  second-order  bandpass/lowpass  log-domain  filter,  nine  possible 
combinations  were  proposed.  In  simulations  of  a wide  variety  of  transistor-level  of 
circuits  implementing  these  filters,  the  HH  and  NH  cases  consistently  have  better 
dynamic  range  than  other  combinations.  However,  the  detailed  results  depend 
strongly  on  the  circuit  implementation,  and  are  not  perfectly  correlated  with  the  ideal 
analysis  presented  here. 


CHAPTER  6 

GENERALIZATION  OF  DESIGN  METHODOLOGIES  FOR 
LOG-DOMAIN  FILTERS 

6.1  Introduction 

Chapters  2 and  3 presented  methods  for  designing  log-domain  integrators, 
first-order  filters,  and  single-ended  second-order  filters  based  on  E cells.  The  design 
methodology  for  log-domain  filters  can  be  further  generalized.  A filter  transfer 
function  can  be  converted  to  a signal  flow  graph  (SFG)  [Che95]  composed  of  nodes, 
branches,  and  the  weights  of  the  branches.  When  a Gm-C  filter  is  implemented  from 
an  SFG,  each  branch  is  converted  to  a transconductor  and  the  transconductances  are 
proportional  to  the  corresponding  weights. 

A log-domain  filter  can  be  implemented  from  a current-mode  Gm-C  filter 
by  replacing  transconductors  with  E cells.  However,  direct  replacement  is  not 
possible,  since  the  output  conductance  of  an  ideal  transconductor  is  zero,  whereas  an 
E cell  has  a nonzero  output  conductance  equal  to  the  transconductance  of  the  E cell. 
Therefore,  the  output  conductance  of  an  E cell  is  proportional  to  the  corresponding 
weight  in  a log-domain  filter  SFG.  Also,  at  the  zero-signal  operating  point,  an  E 
cell’s  output  current  is  proportional  to  its  output  conductance,  and  thus,  is  also 
proportional  to  the  corresponding  weight. 

This  chapter  shows  three  ways  to  convert  a current-mode  Gm-C  filter  to  a 
corresponding  log-domain  filter.  The  first  way  is  to  replace  each  transconductor  with 
a zero-output-conductance  log-domain  transconductor  equivalent.  The  second  way  is 
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to  replace  each  transconductor  with  an  E cell  whose  bias  current  is  proportional  to 
the  transconductance,  and,  if  necessary,  to  add  a feedback-connected  E cell  (whose 
one  input  is  tied  to  the  bias  voltage  VB ) to  adjust  the  net  output  conductance  at  each 
integrator  output  node.  The  third  approach  is  to  scale  the  weights  of  the  E cells  in  a 
log-domain  filter  SFG,  which  can  allow  redundant  circuits  to  be  eliminated. 

An  E cell  has  at  least  one  pair  of  BJTs  or  weak-inversion  MOSFETs.  One 
transistor  is  tied  to  an  input  (and  will  be  called  an  input  transistor),  and  another  is 
tied  to  the  output  (and  will  be  called  an  output  transistor).  The  weight  of  an  E cell  is 
proportional  to  its  transconductance,  which  is  also  proportional  to  its  output 
conductance  and  to  the  current  in  the  output  transistor  at  the  zero-signal  operating 
point.  Therefore,  setting  the  weights  yields  a set  of  output  bias  currents  for  the  E cells 
at  their  zero-signal  operating  points.  However  a the  input  bias  currents  of  the  E cells 
are  not  necessarily  determined  by  the  weights.  To  determine  the  input  bias  currents, 
two  biasing  strategies  can  be  used.  One  of  them  is  the  simple  biasing  strategy  already 
used  in  the  previous  chapters,  in  which  the  input  and  output  transistors  in  each  E cell 
carry  the  same  current  at  the  zero-signal  operating  point.  Also,  it  has  been  assumed 
that  all  of  the  transistors  have  equal  area,  so  the  VBE’s  are  the  same  at  the  zero-signal 
operating  point,  so  that  the  same  dc  voltage  appears  at  the  input  and  the  output  of  an 
E cell.  An  alternate  biasing  strategy  is  to  identify  translinear  loops  and  to  vary  the 
input  bias  currents  while  satisfying  the  current-mode  translinear  equations.  This 
biasing  strategy  can  allow  simpler  filter  circuits  without  changing  the  transfer 


function. 
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6.2  Design  of  Log-Domain  Filter  from  Current-Mode  Gm-C  Filter 
6.2.1  Signal  Flow  Graph 

Consider  a voltage-mode  transfer  function  given  by 


K 'v”  + *, ' + ...  + V + fc,, 

U(s)  = ^7 ,m<n 

l * 


(6.1) 


5 


+ ...  + + a0 


For  « = 3 and  m = 2,  (6.1)  becomes 


If  5 is  normalized  by  a cutoff  frequency  co0,  then 

/ s 
s = — . 

Substituting  s = s'c o0  into  (6.2)  yields 


(6.2) 


(6.3) 


bTi(L)+h,(L]2+h}(i:3 


H(s)  = 


) CO 02^ 


(0, 


0 


co0Vs 


CO, 


CO, 


where  all  b{  and  aj' , for  i = j = 0,  1,  2,  are  dimensionless.  Figure  6.1  shows  an 
observer  canonical  form  SFG  [Kai80]  for  (6.2).  The  primes  are  omitted  for  simplicity 
in  Figure  6.1. 

6.2.2  Implementation  of  a Current-Mode  Gm-C  Filter  from  an  SFG 

An  SFG  as  shown  in  Figure  6. 1 can  be  used  to  design  a voltage-mode  Gm- 
C filter.  To  convert  a SFG  into  a voltage-mode  Gm-C  filter,  each  1 Is  in  the  SFG  is 
replaced  by  a grounded  capacitor  value  of  gOTt/co0,  each  branch  with  the  weight  of  1 
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Figure  6. 1 Observer  canonical  form  SFG  for  n = 3 and  m = 2. 

is  replaced  by  a transconductor  of  value  gm0,  and  each  branch  with  the  weight  of  a,- 
and  bj  is  replaced  by  a transconductor  of  value  and  bjgm0,  where  i=j  = 0,  1,2. 
For  example.  Figure  6.2  shows  a third-order  voltage-mode  Gm-C  filter  designed 
based  on  Figure  6.1.  Three  Gm-C  integrators  are  implemented  by  the  transconductors 
with  the  grounded  capacitors. 

Note  that  a voltage-mode  Gm-C  filter  can  be  converted  to  a current-mode 
Gm-C  filter  by  adding  a feedback-connected  transconductor  for  converting  an  input 
current  to  a voltage,  and  a output  transconductor  for  converting  an  output  voltage  to 
a current  [Geo99],  as  shown  in  Figure  6.3.  Figure  6.4  shows  a third-order  current- 
mode Gm-C  filter  converted  from  the  voltage-mode  Gm-C  filter  shown  in  Figure  6.2. 
6.2.3  Conversion  of  Gm-C  filters  to  Log-Domain  Filters 

The  transconductor  whose  transconductance  is  proportional  to  b0  can  be 
converted  to  a log-domain  equivalent  composed  of  a sourcing  E+  cell  and  a sinking 
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Figure  6.2  Third-order  voltage-mode  Gm-C  filter,  assuming  the 
values  of  capacitors  are  equal. 

E cell  whose  bias  currents  are  equal  to  each  other,  and  proportional  to  bg,  as  shown 
in  Figure  6.5  The  V+  and  V.  inputs  in  the  transconductor  can  be  realized  by  the  V+ 
input  of  the  E+  cell  and  the  V_  input  of  the  E~  cell.  At  the  zero-signal  operating  point, 
the  dc  output  current  of  the  E+  cell  is  sunk  by  the  E'  cell.  In  small-signal  analysis, 
zero  net  output  conductance  at  Vout  in  Figure  6.5  (b)  realizes  the  infinite  output 
impedance  of  an  ideal  transconductor.  Therefore,  each  of  the  transconductors  Gml, 
Gm2’  Gm3>  Gm4,  Gm5,  Gm6,  Gm7,  and  Gml0  in  Figure  6.4  can  be  converted  to  a log- 
domain  equivalent  composed  of  a pair  of  E cells.  To  provide  damping,  the  negative- 
feedback-connected  Gm8  is  replaced  by  a dc  current  source  whose  value  is 
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(a) 


(b) 


Figure  6.3  Gm-C  integrators,  (a)  Voltage-mode  integrator  and 
(b)  Current-mode  integrator. 

proportional  to  a2.  Directly  converting  the  transconductors  to  their  log-domain 
equivalents  produces  a cumbersome  and  complex  circuit. 

A relatively  simple  transistor-level  log-domain  transconductor  equivalent 
is  shown  in  Figure  6.6  [PytOl,  Ser02],  This  circuit  is  based  on  the  E+  cell  and  E'  cell 
shown  in  Figures  2.3  and  2.4.  The  output  current 


I 


out 


(6.5) 


At  the  zero-signal  operating  point  (V+  and  V_  are  connected  to  a bias  voltage  VB,  and 
no  signal  is  applied  to  V+  and  V.  ports),  Ij  = /2,  so  lout  = 0.  Transistors  Q3,  M,,  and 
Q2  form  a positive  feedback  loop,  and  Q3,  M],  Qj,  M2,  and  M3  form  a negative 
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Figure  6.4  Third-order  current-mode  Gm-C  filter,  assuming  the 
values  of  capacitors  are  equal. 

feedback  loop,  producing  zero  net  output  conductance  at  the  output  node.  This  circuit 
is  attractive,  since  the  E+  cell  and  E"  cell  share  a level-shifter  composed  of  Q3  and 
Mj,  reducing  the  filter  complexity. 

Another  way  to  convert  a Gm-C  filter  to  a log-domain  filter  is  to  replace 
each  transconductor  with  an  E cell  whose  bias  current  is  proportional  to  the 
corresponding  transconductance.  For  example,  each  transconductor  in  the 
highlighted  part  in  Figure  6.4  is  replaced  by  an  E cell.  Assume  that  sourcing  E+  cells 
and  sinking  E cells  are  being  used.  Then  the  noninverting  transconductor  Gm]  is 
replaced  by  a sourcing  E+  cell,  and  the  inverting  transconductor  Gm6  is  replaced  by 
a sinking  E cell,  where  the  bias  currents  of  the  E cells  are  proportional  to  the 
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Figure  6.5  (a)  Transconductor  whose  transconductance  is 

proportional  to  b0.  (b)  Log-domain  equivalent  of  the 
transconductor  shown  in  (a). 
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Figure  6.6  A transistor-level  log-domain  equivalent  of  a 
transconductor. 

corresponding  transconductances  b0  and  a0,  respectively.  At  the  dc  operating  point, 
the  E+  cell  sources  output  current  equals  to  its  bias  current  bglQ  and  the  E~  cell  sinks 
output  current  a^Q.  The  difference  of  bglg  and  ciqIq  would  produce  damping.  To 
eliminate  the  damping,  a “dummy”  E cell  (a  feedback-connected  cell  with  one  input 
tied  to  the  VB  bias  source)  should  be  added  to  sink  the  difference  current.  If  b0>  a0, 
then  the  positive  difference  current  ( b0-a0)I0  should  be  sunk  by  a positive-feedback- 
connected  dummy  E cell  whose  bias  current  is  (&0-a0)/0,  as  shown  in  Figure  6.7  (a). 
If  a0>b0,  then  a negative-feedback-connected  dummy  E+  cell  added  at  the 
integrating  node  should  source  the  positive  difference  current  ( aQ-b0)I0 , as  shown  in 
Figure  6.7  (b).  If  a0  = b0,  then  no  dummy  E cell  is  needed.  In  small-signal  analysis. 
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Figure  6.7  Log-domain  equivalent  of  the  highlighted  part  of  the  Gm-C 
filter  shown  in  Figure  6.4  when  (a)  b0  > a0  and  (b)  a0  > b0. 

when  bQ>  a0,  the  positive  net  output  conductance  of  Ej+  and  Eg*  is  cancelled  by  the 
negative  output  conductance  of  ED*.  For  a0>  b0,  the  negative  net  output  conductance 
of  Ej+  and  E6*  is  cancelled  by  the  positive  output  conductance  of  ED+,  resulting  in 
zero  net  output  conductance.  The  transconductors  Gm3  and  Gm8  are  replaced  by  E+ 
cells,  sourcing  the  output  currents  ^2^0  and  7#,  respectively.  To  provide  the  damping, 
the  current  ( £>2+7-«2)^o  should  be  sunk  by  an  added  dummy  E"  cell,  and  the  balance 
by  a fixed  current  sink. 

The  above  conversion  methods  use  more  E cells  than  the  number  of 
transconductors,  as  shown  in  Figures  6.5  and  6.7.  To  reduce  the  number  of  necessary 
E cells,  and  design  simpler  log-domain  filters,  a scaling  method  can  be  used,  which 
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scales  the  weight  of  E cells  or  capacitors  in  an  SFG  without  varying  the  overall 
transfer  function.  Figure  6.8  (a)  shows  a part  of  a log-domain  filter  SFG  including 
four  E cells  and  the  corresponding  weights  a,  b,  c,  and  d.  The  bias  currents  and  input 
ports  (V+  and  V_)  of  the  E cells  in  Figure  6.8  were  omitted  for  simplicity.  If  the 
weights  of  all  the  E cells  driven  by  Vc  are  multiplied  by  a constant  scale  factor  K, 
then  the  weights  of  all  the  E cells  driving  Vc  should  be  divided  by  the  same  scale 
factor  K simultaneously.  The  amplitude  of  signals  at  Vc  are  scaled  by  K,  but  transfer 
functions  to  all  other  nodes  are  unchanged.  Therefore,  the  weights  a and  d should  be 
divided  by  K,  as  shown  in  Figure  6.8  (b).  An  alternate  approach  is  to  scale  the 
capacitor  C.  Figure  6.8  (c)  shows  that  the  weights  b and  c and  capacitor  C are  all 
multiplied  by  K,  whereas  the  weights  of  Ej  and  E4  are  unchanged. 

An  example  of  scaling  the  weights  of  a log-domain  filter  SFG  will  be 
shown  with  Figure  6.9  which  was  converted  from  Figure  6.4  by  replacing  the 
transconductors  with  E cells.  The  weights  of  Eb  E2,  and  E3  are  multiplied  by  ag/b0 
to  make  the  sum  of  the  weights  of  Ej  and  E6  zero.  Simultaneously,  the  weight  of  Eout 
is  divided  by  ag/bg,  as  shown  in  Figure  6.10.  At  the  zero-signal  operating  point,  the 
output  current  of  E j is  sunk  by  Eg.  At  the  damping  node  Vout,  the  sum  of  the  weights 
of  E3  and  E5  must  equal  a2.  Thus  the  weight  of  E5  is  multiplied  by  (a2-b2ag/b0),  anc* 
the  weights  of  E2,  E4,  and  E 7 are  divided  by  ( a2-b2a(/bQ ),  as  shown  in  Figure  6.1 1. 
At  the  zero-signal  operating  point,  the  sum  of  the  output  currents  of  E2  and  E4  is  sunk 
by  E7.  Finally,  the  sum  of  the  weights  of  E2,  E4,  and  E7  at  node  V2  must  equal  zero. 
Thus,  the  weight  of  E4  is  multiplied  by  ( a j-b ]ag/bg)  and  the  weights  of  Ej  and  E7  are 
divided  by  the  same  factor,  as  shown  in  Figure  6.12.  Figure  6.13  shows  the  SFG 
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Figure  6.8  Scaling  SFG.  (a)  An  SFG.  (b)  Scaling  by  varying  the 
weights,  (c)  Scaling  by  varying  the  capacitor. 
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Figure  6.9  The  SFG  of  a third-order  log-domain  filter  converted 
from  a third-order  current-mode  Gm-C  filter  shown  in 
Figure  6.4. 
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Figure  6.10  The  SFG  scaled  by  multiplying  the  weights  of  E1?  E2,  and  E3 
by  a(/b0  and  dividing  the  weight  of  E6  by  the  same  factor  from 
the  SFG  shown  in  Figure  6.9. 


HH' 
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Figure  6.11  The  SFG  scaled  by  multiplying  the  weights  of  Eg  by  a2- 
b2(a(/b0 ) to  make  the  sum  of  the  weights  of  E3  and  Eg  equal 
a2.  The  weights  of  the  corresponding  input  E cells,  E2,  E4, 
and  E8,  are  divided  by  the  same  factor. 
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Figure  6.12  The  SFG  scaled  by  multiplying  weight  of  E4  by  arb ](a(/b0) 
to  make  the  sum  of  the  weights  of  E2,  E4,  and  E8  equal  zero. 
The  weights  of  the  corresponding  input  E cells,  Ej  and  E7, 
are  divided  by  the  same  factor. 
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redrawn  from  Figure  6.12  by  replacing  the  E cells  whose  weights  are  positive  with 
sourcing  E+  cells  and  the  E cells  whose  weights  are  negative  with  sinking  E"  cells. 
This  weight  scaling  method  eliminates  dummy  E cells,  and  thus  reduces  the  number 
of  E cells,  resulting  in  a simpler  circuit. 

6.3  DC  Biasing  for  Log-Domain  Filters 

The  log-domain  filter  is  a kind  of  translinear  circuits  that  may  contain 
several  translinear  loops.  In  log-domain  filter  circuits  considered  at  the  transistor 
level,  an  even  number  of  the  base-emitter  junctions  are  interconnected  to  form 
translinear  loops.  Therefore,  the  currents  in  the  transistors  follow  current-mode 
translinear  loop  equations. 

6.3. 1 Simple  Biasing  for  E cells 

In  most  of  the  above,  a simple  biasing  strategy  has  been  assumed,  in  which 
the  input  and  output  transistors  in  each  E cell  carry  the  same  current  at  the  zero-signal 
operating  point.  This  means  the  input  bias  current  of  each  E cell  is  equal  to  the  output 
bias  current  of  the  E cell  at  the  zero-signal  operating  point,  and  is  proportional  to  the 
weight  of  the  E cell.  The  voltages  across  the  output  transistors  in  each  E cell  are  equal 
to  the  voltages  across  their  associated  input  transistors,  so  all  of  the  capacitor 
voltages  are  equal  to  the  same  bias  voltage,  Vg.  This  simple  biasing  strategy  avoids 
the  need  for  translinear  loop  analysis,  and  makes  the  circuit  easy  to  design  and  to 
debug.  However,  simpler  circuits  may  be  possible  in  some  cases,  if  an  alternate 
biasing  strategy  is  followed. 
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Figure  6.13  The  SFG  of  a third-order  log-domain  filter. 
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6.3.2  Alternate  Biasing  for  E cells 

Figure  6.14  shows  a third-order  log-domain  filter  implemented  from 
Figure  6.13  by  replacing  the  E+  and  E'  cells  with  the  transistor-level  circuits  shown 
in  Figures  2.1  (c)  and  2.8  (c).  The  output  bias  currents  of  all  E cells,  Ixl,  Ix2,  Ix3,  Ix4, 
Ix5>  I x6’  ^x7’  1x8’  and  1x9’  are  proportional  to  the  weights  of  the  corresponding  E cells 
in  the  SFG  shown  in  Figure  6.13.  For  example,  the  output  bias  current  of  Q4,  Ix2,  is 
equal  to  [(CV t(HQ)a0]l[a  j-b  j{a(/b0y\.  The  translinear  loop  formed  by  the  base-emitter 
junctions  of  Qj,  Q2,  Q7,  Qg,  Q13,  and  Q14  in  Figure  6.14  produces  a current-mode 
translinear  loop  equation 

1 011 04^07  = I xl^  x4^  x7 ' (6-6) 

where  l01, 104,  and  I07  represent  the  input  bias  currents  of  E cells.  In  (6.6),  the  product 
of  the  input  bias  currents  equals  the  product  of  the  output  bias  currents  of  Q2,  Q8,  and 
Q14,  where  Q2,  Qg,  and  Q]4  are  the  output  transistors  of  Ein+,  E3+,  and  E6+, 
respectively.  In  the  simple  biasing  strategy  presented  in  6.3.1,  I0]  equals  IxI,  104 
equals  Ix4,  and  I07  equals  lx7.  However,  other  possibilities  exist.  If  I0]  is  decreased 
by  a factor,  the  designer  can  increase  I04, 107,  or  the  product  of  I04  and  I07  by  the  same 
factor.  Therefore,  the  circuit  designer  may  have  the  design  freedom  to  choose  the 
values  of  the  input  bias  currents.  This  design  freedom  can  allow  simpler  circuits,  for 
example,  when  level-shifters  in  different  E cells  can  be  merged.  (Circuit  examples 
simplified  by  exploiting  the  design  freedom  will  be  shown  later.)  Also,  varying  the 
input  bias  currents  may  simplify  tuning  of  the  filter  coefficients. 

In  a log-domain  filter,  many  translinear  loops  can  be  identified.  Among 
them,  to  produce  the  minimum  number  of  translinear  loop  equations,  the  minimum 
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Figure  6.14  Transistor-level  third-order  log-domain  filter  based 
on  the  SFG  shown  in  Figure  6.13. 
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number  of  independent  translinear  loops  should  be  identified.  To  identify  the 
independent  translinear  loops  in  a log-domain  filter,  a translinear  loop  graph  can  be 
used,  which  derives  a relation  between  the  topology  of  a translinear  network  and  the 
degree  of  the  network  equations  [Wie93],  An  independent  translinear  loop  does  not 
encompass  other  translinear  loops  in  the  translinear  loop  graph.  In  practical 
conversion  from  a translinear  circuit  to  a translinear  loop  graph,  the  base-emitter 
connections  of  the  transistors  are  represented  by  branches  in  the  graph  [See88a], 
[Wie93].  The  nodes  in  the  translinear  loop  graph  represent  the  connections  between 
transistors. 

The  transistor-level  log-domain  filter  shown  in  Figure  6.14  can  be 
converted  to  a translinear  graph,  as  shown  in  Figure  6.15.  There  are  five  independent 
translinear  loops  which  are  composed  of  QsChC^QgQioC^’  QmQhQsQtQzQi’ 

Q?Q8Q3oQ29Q25Q23Q4Q3>  Q23Q25Q29Q30Q22Q21Q17Q15Q10Q9’  an^ 

Q15Q17Q21Q22Q12Q1 1-  The  corresponding  translinear  loop  equations  to  each 
translinear  loop  are 


1 03^ x2^ x5  ~ ^02^05^x3  ’ 

(6.7) 

J 07^04^01  ~ ^ x7^x4^ xl  ’ 

(6.8) 

1 04I014Ix2  = Ix4Ixl4I02 ’ 

(6.9) 

1x14^ 011^x5  = 1 014^x11^ 05' 

(6.10) 

and 


*xlVx6  - 1 on1 06' 


(6.11) 
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Figure  6.15  The  translinear  loop  graph  of  Figure  6.14.  The  directions  of 
all  branches  are  not  shown  for  simplicity. 

respectively.  Therefore,  a set  of  input  bias  currents  should  satisfy  these  translinear 
loop  equations.  (Four  Kirchhoff’s  current  law  equations  must  also  be  satisfied.  These 
constraints  were  used  in  setting  the  E-cell  output  currents.) 

The  number  of  independent  translinear  loops  can  be  estimated  by  the 
following  equation  [See88a] 

l = b-n  + 1,  (6.12) 

where  / is  the  number  of  independent  translinear  loops,  b is  the  number  of  base- 
emitter  junctions,  and  n is  the  number  of  nodes  in  a signal  flow  graph.  In  the 
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translinear  loop  graph  shown  in  Figure  6.15,  b = 22  and  n = 18,  thus,  / = 22  - 18  + 1 
= 5,  five  independent  translinear  loops  exist. 

In  the  third-order  log-domain  filter  shown  in  Figure  6.14,  nine  unknown 
input  bias  currents  can  be  determined  by  five  independent  translinear  loop  equations. 
Thus,  9-5  = 4 degrees  of  design  freedom  can  be  given,  and  the  design  freedom  can 
be  used  for  simplifying  four  different  parts  of  the  circuit.  For  example,  first,  if  I02 
equals  103,  then  the  level-shifter  Q5  can  be  merged  with  Q3.  Second,  if  I02  equals  I04, 
the  level-shifter  Q7  can  be  also  merged  with  Q3.  Third,  if  I0]  equals  I02,  the  level- 
shifter  Qj  can  be  merged  with  Q3.  Fourth,  in  the  E"  cells,  if  I0]1  equals  I0I4,  then  the 
level-shifter  Q22  can  be  merged  with  Q30.  Figure  6.16  shows  a modified  filter  from 
Figure  6.14  by  using  four  degrees  of  design  freedom.  Transistor  Q4  shares  the  level- 
shifter  Qj  with  Q6  and  Q8,  and  Q21  shares  the  level-shifter  Q22  with  Q29,  producing 
a simpler  circuit. 

Solving  for  the  required  values  of  the  input  bias  currents  requires 
simultaneous  solution  of  several  translinear  equations.  In  general,  the  corresponding 
capacitor  voltages  will  be  unequal.  This  makes  debugging  such  circuits  much  more 
difficult  than  circuits  designed  using  the  simple  method  described  in  6.3.1. 

To  show  another  example,  consider  a third-order  filter  transfer  function 
varied  from  (6.4)  by  forcing  bj'  to  equal  zero,  thus 


H{s)  = 


(6.13) 
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Figure  6.16  A variation  of  the  third-order  log-domain  filter  shown  in 
Figure  6.14. 
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The  zeros  of  the  transfer  function  shown  in  (6.13)  are  ±jj(b0')/(b2') , and  are 
located  on  the  imaginary  (Jc o)  axis  of  the  s-plane.  The  SFG  of  this  transfer  function 
and  a corresponding  transistor-level  circuit  are  shown  in  Figures  6.17  and  6.18.  This 
circuit  was  derived  from  the  circuit  in  Figure  6.14  by  eliminating  E2+  (Q5  and  Q6). 
Thus,  one  degree  of  design  freedom  was  used  for  setting  bj  to  zero,  leaving  three 
more  degrees  of  design  freedom  can  be  used  for  further  simplification. 

The  weight  a2-b2(ao/bo)  was  assumed  to  be  positive  in  Figure  6.17. 
However,  this  constraint  is  not  necessary,  since  an  E cell  with  a negative  weight  can 
be  implemented  by  an  E'  cell.  If  a2-b2(a(/bQ)  *s  negative,  the  weights  of  E4+  and  E5+ 
shown  in  Figure  6.17  become  negative,  while  the  weight  of  Eg'  becomes  positive. 
Therefore,  E4+  and  E5+  should  be  converted  to  E'  cells,  E4'  and  E5\  and  Eg'  should 
be  converted  to  an  E+  cell,  Eg+,  as  shown  in  Figure  6.19.  Figure  6.20  shows  a 
corresponding  transistor-level  circuit. 

6.4  Conclusions 

A design  methodology  for  log-domain  filters  was  generalized  to  allow 
implementation  of  more  general  transfer  functions.  Three  ways  of  converting  a 
current-mode  Gm-C  filter  to  a log-domain  filter  were  explored.  Two  of  them  need 
redundant  circuits  to  eliminate  the  nonzero  output  conductances  of  E cells,  resulting 
in  cumbersome  circuits.  Another  approach  involves  scaling  the  weights  of  E cells  in 
an  SFG,  which  can  eliminate  redundant  circuits,  resulting  in  simpler  circuits.  Two  dc 
biasing  strategies  were  compared.  In  general,  choosing  bias  currents  requires 
simultaneous  solution  of  several  translinear  loop  equations.  A simpler  approach  was 
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Figure  6.17  A modified  SFG  for  bj  = 0 in  Figure  6.13. 
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Figure  6.18  Transistor-level  third-order  log-domain  filter  based 
on  the  SFG  shown  in  Figure  6.17. 
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Figure  6.19  The  SFG  of  a third-order  log-domain  filter  with  a 
negative  weight  a2-b2(ao/b0). 
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Figure  6.20  Transistor-level  third-order  log-domain  filter  based 
on  the  SFG  shown  in  Figure  6.19. 
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presented  that  avoids  the  steps  and  leads  to  easily-debugged  circuits.  The  more 
general  approach,  while  more  complicated,  may  allow  simpler  circuitry. 


CHAPTER  7 

SUMMARY  AND  SUGGESTIONS  FOR  FUTURE  RESEARCH 

7.1  Summary 

In  this  dissertation,  design  and  analysis  of  log-domain  filters  based  on  E 
cells  were  presented.  The  major  contributions  for  the  research  are  summarized  as 
follows. 

In  Chapter  2,  E cells  were  defined  and  classified  into  sinking  and  sourcing 
E+  cells  and  E"  cells.  The  small-signal  equivalent  circuit  model  of  an  E cell  was 
compared  to  that  of  a transconductor.  A first-order  log-domain  filter  and  a log- 
domain  integrator  were  designed  based  on  E cells.  E-cell-based  design  is  a modular 
approach,  since  an  E cell  block  can  be  replaced  by  many  possible  transistor-level 
circuits.  The  small-signal  equivalent  circuits  of  log-domain  filters  are  arranged  to 
match  those  of  corresponding  Gm-C  filters. 

Chapter  3 presented  that,  in  a single-ended  second-order  log-domain  filter, 
the  nonlinear  internal  currents  supplied  by  E cells  can  be  much  greater  than  bias 
currents  even  in  Class  A operation.  Although  the  nonlinear  internal  currents  are 
eliminated  algebraically  in  deriving  the  filter  transfer  function,  large  internal 
currents  can  cause  distortion  by  overloading  transistors.  Distortion  mechanisms 
caused  by  internal  currents  were  demonstrated  in  practical  transistor-level  circuits. 
Simple  mathematical  expressions  were  derived  for  predicting  the  peak  internal 
currents.  Simulation  results  matched  the  mathematical  expressions. 
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Chapter  4 showed  a differential  second-order  log-domain  bandpass/ 
lowpass  filter  based  on  a cross-coupled  log-domain  integrator,  and  demonstrated 
how  to  add  CMFB  circuits  to  the  filter  without  degrading  external  linearity.  Practical 
but  simple  CMFB  circuits  were  presented.  The  CMFB  circuits  allow  closed-form 
solutions  for  nonlinear  differential  output  currents.  Also,  large  signal  swings  are 
allowed  by  the  CMFB  circuits,  increasing  the  dynamic  range.  Three  differential  log- 
domain  filters  (a  filter  without  any  CMFB,  a filter  with  geometric-mean  CMFB  at 
both  bandpass  and  lowpass  ports,  and  a filter  with  harmonic-mean  CMFB  at  both 
bandpass  and  lowpass  ports)  were  built  in  the  MOSIS  AMI  ABN  1.5  pm  CMOS 
process.  Simulation  and  experimental  results  were  given. 

Chapter  5 explored  the  possibility  of  applying  CMFB  to  only  one  of  the 
two  ports  within  a differential  second-order  log-domain  bandpass/lowpass  filter. 
With  two  integrator  stages  and  three  possible  CMFB  arrangements  (geometric-mean 
CMFB,  harmonic-mean  CMFB,  and  no  added  CMFB)  at  each  integrator  output,  nine 
possible  combinations  were  implemented.  Closed-form  expressions  were  found  for 
the  peak  currents  in  eight  of  the  combinations  (except  for  the  combination  of  no 
added  CMFB  for  both  stages),  for  the  case  of  low  input  frequency.  In  simulations  of 
a wide  variety  of  transistor-level  of  circuits  implementing  these  filters,  the  HH  and 
NH  cases  consistently  have  better  dynamic  range  than  other  combinations. 

Chapter  6 explored  the  wide  variety  of  ways  in  which  log-domain  filters 
can  be  designed.  While  previous  researchers  have  presented  many  seemingly  novel 
log-domain  circuit  and  filter  topologies,  this  chapter  demonstrated  that  all  of  these 
variations  can  be  seen  as  simple  transformation  from  basic  underlying  small-signal 
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topologies.  Several  approaches  to  convert  a current-mode  Gm-C  filter  to  a log- 
domain  filter  were  compared.  The  approach  which  involves  scaling  the  weights  of 
the  E cells  in  a log-domain  filter  SFG  allows  redundant  circuits  to  be  eliminated. 
Several  options  for  dc  biasing  were  compared. 

7.2  Suggestions  for  Future  Research 

The  following  research  tasks  are  suggested  as  future  work  regarding 
design  and  analysis  of  log-domain  filters. 

(1)  The  noise  analysis  of  the  differential  log-domain  filters  with  various  CMFB 
circuits  are  suggested.  The  SNR  of  differential  log-domain  filters  saturates  to  a 
maximum  value  of  SNR  for  modulation  indices  greater  than  one,  staying  almost  a 
constant,  since  the  noise  becomes  proportional  to  the  signal  [Enz97,  Pun97],  The 
effects  of  noise  in  CMFB  circuits  on  the  dynamic  range  of  differential  log-domain 
filters  are  needed  to  be  explored. 

(2)  Other  distortion  mechanisms  in  differential  log-domain  filters  with  CMFB 
circuits  are  needed  to  be  explored.  The  filters  with  smaller  internal  currents 
consistently  have  better  dynamic  range  than  the  filters  with  larger  internal  currents. 
However,  the  detailed  results  depend  strongly  on  the  circuit  implementation. 
Therefore,  the  effects  of  various  circuit  imperfections  on  the  nonideal  behavior  are 


needed  to  be  clarified. 
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